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Abstract
THE STELLAR AND GASEOUS CONTENT OF MASSIVE LOW
SURFACE BRIGHTNESS DISK GALAXIES
February 1993
Patricia Marie Knezek, B.A., The University of Texas at Austin
Ph.D., University of Massachusetts
Directed by: Professor Stephen E. Schneider
This dissertation presents a multi-wavelength study of a subset of an extreme
type of galaxy, those which have low surface brightnesses large disks, and large
amounts of atomic gas, yet which have total dynamical masses similar to those
of giant spiral galaxies. These systems may represent a significant, but largely
unexplored, fraction of galaxies in the universe, and determining their star formation
histories and evolution is critical to our attempts to understand the different modes
of formation and evolution of all galaxies.
Surface photometry at B and R, in conjunction with Hi, ^^CO and far-infrared
data, is used to try to determine if these galaxies had an early epoch of star formation
that has since faded, have ongoing star formation with an unusual IMF, or are
perhaps galaxies which have never efficiently formed stars due to a lack of molecular
clouds. Results of our observations confirm earlier findings that these systems in
general have very blue disks relative to higher surface brightness, gas-rich disk
systems. This result makes it very difficult to explain these galaxies as "faded
disks." Although they have prodigious amounts of Hi, there is little evidence of
abundant ^^COor dust. Despite their physical similarities, they show an amazing
variety of optical morphologies. Many have steep radial color gradients, perhaps
due to changing metallicities. These systems tend to be in fairly isolated regions
of the universe. The lack of nearby neighbors may have allowed them to form and
viii
evolve in a very different manner from typical high surface brightness galaxies. Some
systems may, in fact, have undergone very little star formation over time. If this
is true, this population could represent a valuable window into the early epochs of
star formation in disk galaxies.
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Chapter i
INTRODUCTION
The definition of a galaxy {Webster's New World Dictionary of the American
Language 1980) is "any of innumerable large groupings of stars, typically containing
millions to hundreds of billions of stars." This definition is based on the assumption
that the primary constituent and defining parameter of a galaxy is the stars it
contains. Yet it has been known since the early part of the 20th century (Oort
1927; Trumpler 1930) that our own Galaxy must also contain gas and dust, and
recent studies of the rotation curve of the Galaxy suggest that it contains at least
ten times more mass than can be accounted for by simply counting up the mass of
optically visible stars. The continuing prejudice towards defining a galaxy by the
stars it contains, despite the knowledge of additional components, is due largely to
the domination, until the last twenty years, of optical observations in extragalactic
astronomy. Stars dominate the energy output of nearly all galaxies at optical
wavelengths. Thus, not only the classification of galaxies, but also the theories
of their formation and evolution, have developed in order to explain the optical
characteristics of galaxies.
1.1 Optical Classifications
Galaxies were originally categorized based on their optical appearance. The
earliest efforts were strictly aimed at producing lists of unusual extended objects
on the sky (Dreyer 1888, 1895, 1908). These lists contained what is now known
to be a wide variety of objects, including not only galaxies, but also local Galactic
objects such as planetary nebulae, globular clusters, and Hii regions. Once galaxies
were identified as systems of stars like our own Milky Way, a more concerted effort
was placed in classifying these systems, rather than just cataloging them. As more
and more galaxies were identified on photographic plates, it was soon noticed that
galaxies seemed to fall into groups with outwardly similar appearances, like different
species of animals on Earth. Thus, astronomers used prior scientific findings, and
postulated that perhaps, like species on Earth, galaxies that looked alike were
similar in their composition and history as well. This analogy was applied to
galaxies, and led Hubble (1936) to propose a linear evolutionary model for galaxies,
based on their optical appearance. This proposal resulted in the Hubble Sequence,
represented by a "tuning fork" diagram, illustrated in Figure 1.1. Hubble arranged
a roughly linear progression from "early-type" elliptical galaxies to "late-type"
spiral galaxies in support of Jeans' theoretical ideas of the evolution of galaxies
that galaxies begin their evolution as elliptical systems which eventually spread
out and flatten into either a nucleated or barred spiral structure. This diagram
evolved into the "standard" morphological sequence of galaxies, and has been the
principal classification scheme used to classify extragalactic systems. Much of the
last sixty-five years of extragalactic research has been aimed at explaining and
refining Hubble's sequence.
Unfortunately, the use of optical images of galaxies as the primary mode of their
classification and study leads to a systematic bias against any galaxy which is not
prodigiously forming stars over a large enough area that it can be distinguished
from a foreground star in our own Galaxy. It also biases studies against galaxies
which do not have a high enough surface density of stars to allow them to have a
high contrast against the background of the sky. Furthermore, it takes very little
account of other potentially important components of galaxies, namely their gas
and dust, simply because they do not contribute significantly to the optical light
of a galaxy. Yet it is possible that our universe contains systems where the stars
play a relatively minor role in the overall composition and evolution of their parent
galaxies. These systems could contain significant quantities of gas and dust, and
Figure 1.1. A schematic of the morphological sequence for galaxies proposed by
Hubble (1936). Hubble described this sequence as an evolutionary sequence for
galaxies, such that they began their evolution as "early-type" elliptical galaxies and
eventually evolved into "late-type" spiral galaxies.
4yet because of the selection biases against finding them, they could easily have
escaped inclusion in earlier studies of the star formation histories and evolution of
galaxies. In order to have a complete and accurate cosmology, it is inadequate that
we should discover, count and understand only those components which are easily
apprehended. Therefore, recent efforts have begun to focus on searching for and
studying any systems which may have escaped prior notice.
The original sequence introduced by Hubble (1936) was expanded upon by
de Vaucouleurs (1959), who first extended the sequence to even "later-types" of
galaxies—Sd, Sm, and Im galaxies—and also introduced subclassifications to de-
scribe ring and S-shaped features. As sky survey techniques have improved and
expanded wavelengths, however, new categories of galaxies which do not easily fit
into the Hubble Sequence, even with the modifications proposed by de Vaucouleurs,
have come to light. Among these categories of galaxies are most of the galaxies
classified as "peculiar" by Arp (1966), the dwarf irregulars and ellipticals (de Vau-
couleurs, de Vaucouleurs, and Corwin 1976 [RC2]), emission-fine galaxies (cf. Salzer
et al. 1988, and references therein), blue compact dwarfs (Salzer et al. 1991; Sage
et al. 1992), giant elliptical centrally dominant ("cD") galaxies, and radio galaxies.
Even more puzzling are the multitude of blue galaxies discovered by Tyson (1988),
many of which are now known to be at low redshifts (Cowie, Songaila, and Hu
1992). Finally, there are the many low surface brightness dwarf galaxies identified
on the new Palomar Sky Survey plates (Schombert et al. 1990; 1992), and giant, low
surface brightness galaxies (LSBGs) first recognized through the prototype LSBG,
Malinl (Bothun et al. 1987).
In order to assess our understanding of the formation, distribution, and evolution
of galaxies in the universe, as well as the universe as a whole, it is necessary to
determine where these different systems fall with respect to the better studied
extragalactic systems. Are they completely independent classes of galaxies, or are
5they inter-related? It may, in fact, become necessary to redefine or expand the
categories of galaxies—if not redefine galaxies themselves.
Classifying galaxies based on characteristics other than morphological appear-
ance was first introduced by Morgan (1958; 1959; 1970; 1972), who used a system
which was based on the central concentration of light. He then further subdivided
the galaxies into general classes of spirals, ellipticals, and irregulars, but without the
detailed description used in the Hubble or de Vaucouleurs systems. As will be seen
in Chapter 3, this system also does not adequately delineate galaxies, as the giant,
low surface brightness galaxies examined in this study show an amazing variety of
central light concentrations.
An additional attempt at classifying galaxies was made by van den Bergh (1960a;
1960b; 1976). He produced a classification system which was a hybrid of the Hubble
system and the system introduced by Morgan. He first divided galaxies into elliptical
and disk galaxies, and then further subdivided the disk galaxies into three categories.
These categories are defined by the presence or lack of spiral arms, with lenticular
disks representing one extreme and disks with high surface brightness spiral arms
that are clearly delineated by H ii regions representing the other extreme. In between
are "anemic" disks which had spiral arms, but the arms are diff'use. Galaxies which
had clearly delineated spiral arms were known as "gas-rich" spirals. Within each of
the three types of disk galaxies, a galaxy is further defined by its degree of central
concentration of optical light, similar to the system introduced by Morgan (1958).
Furthermore, van den Bergh also attempted to divide the galaxies into lu-
minosity classes, where galaxies with well-defined arms that covered much of a
galaxy's optical image were placed in luminosity class I, and galaxies with the least
well-defined arms were placed in luminosity class V. Correlations were found between
the disk category of a galaxy and its gas and dust content and surface brightness,
as well as the luminosity class of a galaxy and its total optical luminosity. This
6led to the designation of galaxies with well-defined spiral arms and high surface
brightness disks as "gas-rich" and those with poorly formed spiral arms and low
surface brightness disks as "gas-poor". One is forced to wonder again, however, how
much of that designation may simply be due to the way that samples of galaxies
are chosen, namely usually from catalogs which list galaxies with a high contrast
against the background sky which fall into standard Hubble classifications.
1.2 "Giants" and "Dwarfs"
A potentially important distinction between galaxy types which could lead to
a redefinition, in the context of the formation and evolution of galaxies, is the
difference between "giant" and "dwarf" galaxies. The most common definition of a
"giant" galaxy is a galaxy with a large absolute blue luminosity, near or above the
luminosity L.~ 2 x 10^°/.© (Ho = 50 km s~^ Mpc'^), where the galaxy luminosity
function turns over. A "dwarf" galaxy is typically considered to be one of the
very large population of objects which has a blue luminosity less than 1-10% of an
L. galaxy. Most studies done of the stellar and gaseous contents of galaxies find
that these "giant" galaxies do indeed have larger masses and are physically larger
than "dwarf" galaxies. Furthermore, in tallying up the total luminosity of different
classes of galaxies, it appears that despite the small numbers of "giant" galaxies,
they contribute the largest fraction of the total luminosity from galaxies. Hence it
appears that "giants" are the key to understanding galaxies' overall contribution to
the cosmos.
Typically, it has been found that the "giants" comprise the high surface bright-
ness, early-type galaxies, while the "dwarfs" comprise the low surface brightness,
late-type galaxies. However, there might be "giant" galaxies where either very few
stars have formed, or the optical light distribution is such that selection effects
work against identifying them as "giants" optically. Without any information about
aem
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distance, the use of the Hubble classification system often misidentifies such galaxies
as late-type "dwarfs." A classification system based on something other than strict
optical morphological characteristics (preferably something based on the physical
properties of galaxies) is necessary.
As noted earlier, even in our own galaxy, the discrepancy between the optically
determined mass and the mass calculated from the measurements of the rotation
curve indicate that at least 90% of the mass of the Milky Way is not located in
optically visible stars (e.g., Huchtmeier 1975). Perhaps a "giant" galaxy should
not be strictly determined from its absolute blue magnitude—the gas content of
galaxy may also be an important consideration—but better still would be a syst
based on total dynamical mass, which measures all the matter present, including
the mysterious "dark matter." Atomic gas measurements are well-suited to studies
aimed at determining this property of galaxies, since the information contained
within the Hi spectrum yields not only the atomic gas mass, but also the distance
and, with an optical determination of size, the dynamical mass. Thus, in order to
distinguish between "giant" and "dwarf" systems, it is necessary to look at both
their gaseous and their stellar content. Indeed, the prototype LSBG, Malin 1 was
discovered in a study of dwarf galaxies in the Virgo cluster; yet it has an H i disk
that extends at least 2 Mpc in diameter, and appears to have a mass to light ratio,
Mtot/Lb ~ 80. This is nearly a factor of ten larger than the ratio found for most
high surface brightness disk galaxies. This implies that only ~ 1% of the mass of this
galaxy is in the form of stars, as opposed to ~ 10% for "normal" disk galaxies. Even
among so-called "dwarf" galaxies, many appear to have extended Hi envelopes
(Bergvall and Jorsater 1988) and/or "dark matter" halos (Lake and Schommer
1984). If enough "giant" extragalactic systems exist which are not dominated by
starlight, they may represent a significant contribution to the amount of baryonic
matter in the universe. Such systems have been suggested as possible candidates for
8the unexpectedly abundant damped Ly-a absorption lines seen in quasar spectra
(Chokshi 1992; Impey and Bothun 1989; Wolfe et al. 1986).
The discovery of these new types of extragalactic objects leads one to ques-
tion whether current morphological classification schemes adequately describe the
complexity that is actually observed. It is already recognized that the optical
morphology of a galaxy cannot merely be due to the variation in the amount of
atomic or molecular gas in galaxies. Even along the Hubble Sequence, galaxies of
the same type can have very different amounts of molecular and/or atomic gas,
although the dominant change in the relative amounts of molecular and atomic gas
appears to be along the Hubble Sequence for disk systems (Young and Knezek 1989).
Similarly, galaxies of the same Hubble type are known to have varying amounts of
dust and varying massive star formation rates (Young et al 1989; Kennicutt 1983;
Bothun et al. 1989).
It is known that at least one factor which affects both the relative and total
amounts of atomic and molecular gas, as well as the optical morphology, of a galaxy
is the interaction of one galaxy with another. The extent to which the interactions of
galaxies affect their present appearance and both their gas and stellar contents is not
well-determined. True, the effects of a close interaction or merging of two systems
have been successfully modelled (Toomre and Toomre 1972; Olson and Kwan 1990a;
Olson and Kwan 1990b). But what about a galaxy that has not undergone a close
interaction with another galaxy—or perhaps undergone no effective interaction at
all? The most obvious comparison is with current models of stochastic star formation
in disk galaxies, which assume self-propagating star formation above a critical gas
surface density in a differentially rotating disk (Quirk 1972; Kennicutt 1989). This
formalism is able to reproduce the "patchy" appearance of many late-type spiral
disks. Thus, it might be predicted that galaxies which have not undergone any
significant interaction within their star formation history would have ill-defined
9spiral arms at best. Statistically, as described in Chapter 3, a recently recognized
class of galaxies does appear to be largely isolated from nearby neighbors. This class
of galaxies is composed of giant, low surface brightness, gas-rich disk galaxies. The
prototype for this category is the LSBG Malin 1 (Bothun et al. 1987; Impey and
Bothun 1989), which remains the most extreme example known. The discovery of
a significant number of "Malin cousins" through H i studies of galaxies from the
first and second Palomar Observatory Sky Surveys (Schneider et al. 1990, 1992;
Schombert and Bothun 1988; Schombert et al. 1992) provided the prime motivation
for the current work.
1.3 Low Surface Brightness Giants
This dissertation presents a multi-wavelength study of the class of low surface
brightness giants which was only recently recognized as populating our universe,
perhaps in significant numbers. In particular, since "giants" appear to be (arguably)
the dominant contributor to the total mass of galaxies, we have chosen a sample of
genuinely giant disk galaxies, based on measures of their physical size and total gas
content, and we have attempted to avoid or at least minimize biases due to surface
brightness. The primary goal of this dissertation is to investigate the properties of
galaxies with low mean blue surface brightnesses, {Jlq >25 mag arcsec"^), which are
giants as measured by their large disks (D25^30kpc), and their large amounts of
atomic gas (M(Hi) ^10^° M©). Despite their low surface brightnesses, these galaxies
have total dynamical masses similar to high surface brightness disk systems chosen
according to similar criteria. These systems may represent a potentially significant,
but largely unexplored, fraction of galaxies in the universe, and determining their
star formation histories and evolution is critical to our attempts to understand the
different modes of formation and evolution of all galaxies.
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We use B and R surface photometry, in conjunction with Hi, ^^CO and far-
infrared data, to explore the optical characteristics of LSBGs and relate them to
their global gas and dust properties. We analyze the optical data to extract the
radial light distributions in B and R, as well as the radial distribution oi B - R. We
use this information to fit each galaxy with bulge and disk components and examine
the results in the context of a second sample which contains galaxies with the same
size and gas content selection criteria, but a range of brighter mean blue surface
brightnesses (HSBGs). We also examine a subset of the LSBGs and HSBGs which
we have observed in ^^CO and look for correlations with the optical properties of
the galaxies, as well as their far-infrared properties as determined from IRAS data.
In particular, we attempt to determine if these galaxies had an early epoch of star
formation that has since faded, have ongoing star formation with an unusual IMF,
or are perhaps galaxies which have never efficiently formed stars due to a lack of
molecular clouds.
The present chapter has hopefully provided an overall introduction to the subject
of galaxies in general, and how they have been discovered and classified. This leads
to a more detailed examination in Chapter 2 of the inherent biases in optical surveys
of galaxies and a discussion of how this sample addresses (and doesn't address) some
of these biases. Chapter 3 contains an outline of the global H i and optical properties
of the sample, which were used as selection criteria in deriving the sample of LSBGs.
The differences between the LSBG and HSBG samples lead to potential scenarios for
the formation and evolution of LSBGs and a statistical study of the environment in
which these galaxies are located. We find that the LSBG systems tend to be in fairly
isolated regions of the universe, and suggest that the lack of nearby neighbors may
have allowed them to evolve much more slowly than typical high surface brightness
galaxies. If this is true, this population could represent a valuable window into the
first epochs of star formation in disk galaxies.
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Chapter 4 discusses the optical broad-band imaging that was carried out to
determine the overall morphology of the galaxies, as well as to begin to determine
their past and present star formation history. It explains the choice of B and R
as the primary bands for the optical observations. The unusual optical properties
of the sample led to further studies of the galaxies in order to determine their gas
and dust properties, and try to piece together a working scenario for how they
formed and evolved. Our observations confirm earlier findings that these systems
in general have blue disks relative to higher surface brightness disk systems. This
result makes it very difficult to explain these galaxies as "faded disks." We also
conclude that the LSBGs show a considerable range on optical morphology, and
include a subset of galaxies which appear either to have two disks, an inner higher
surface brightness disk and an outer very low surface brightness disk, with different
radial light distributions, or an inner lens and outer faint disk.
Chapter 5 presents the complementary study of the molecular properties of a
subsample of the galaxies through a survey for ^^C0(J=1—>0) , including a discus-
sion about possible effects on the cloud properties due to the potentially different
global environment. Chapter 5 also presents an overview of the dust properties of
the sample, as determined by IRAS addscans. This chapter includes a discussion of
how the dust properties in LSBGs may vary from those found in galaxies that are
actively forming stars. Although they have prodigious amounts of Hi, there is little
evidence of abundant ^^CO or dust, and among the galaxies that were observed in
^^CO there is no apparent correlation between disk central surface brightness and
detection in ^^CO
.
Chapter 6 presents the conclusions from the optical, molecular, and far-infrared
studies, along with future prospects for this line of research. In particular, some
initial results are described from work recently undertaken at the Very Large Array
to determine the kinematical properties of the atomic gas in a few inclined, and a few
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face-on systems. The first VLA study was undertaken to determine the rotational
properties of a subsample of the galaxies whose optical morphology indicated that
they were face-on systems, while they had very wide Hi linewidths. The second
study will further address the star-forming potential of the sample, this time by
attempting to ascertain the likelihood that molecular clouds can form in the kine-
matical environment of the atomic gas.
Ultimately, this dissertation attempts to address a number of unresolved issues:
(1) What determines a galaxy's optical morphology? (2) Is there a way to classify
galaxies that has a more physical basis? (3) What is the true contribution of low
surface brightness galaxies to total mass of universe? and (4) Could the apparent
narrow range of optical surface brightnesses in current catalogs influence our inter-
pretations of physically important phenomena?
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they could represent a significant contribution to the galaxy luminosity function.
Furthermore, if they have mass-to-Hght ratios similar to Malinl, the Malin-like
galaxies could greatly increase the current estimate of the total mass of galaxies in
the universe.
2.3 Selection Effects
The recent discoveries of objects in our universe which have a significant mass,
such as Malinl (Bothun et al. 1987), the Hi cloud m Virgo (GiovaneUi and Haynes
1989), the Hi ring in Leo (Schneider 1989), and the Hi cloud near the galaxy pair
NGC4532/DDO 137 (Hoffman et al. 1992), and yet are optically unimpressive, or
even undetected (the Leo cloud), along with the continued controversy over the
origin of damped Ly-a absorption lines along the line of sight to quasars, have led
to a resurgence of interest in how optical selection effects may be biasing our current
view of the universe. Astronomers have been aware of possible gaps in knowledge due
to selection effects (Disney 1976; Allen and Shu 1979), but they have been able to do
little to address these gaps until the recent advent of CCD technology, observations
above the earth's atmosphere, and observations at a multitude of wavelengths. In
fact, these new methods of observation are yielding data that indicate that scientists
may be missing significant fractions of the objects in the universe.
Unfortunately, astronomers face quite a formidable task in trying to determine
the properties of LSB galaxies. The largest challenge is to obtain an image of an
object with a surface brightness which is well below the sky surface brightness. In
this case, the noise is dominated by the sky, and thus the signal-to-noise ratio is
also dominated by the sky. For an extended source the signal-to-noise ratio, SNR,
measured over the area of the source, A, is
SNR = , . (2.4)
^rp + (G + s)t
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where t is the integration time in seconds, G is the counts per pixel per second over
the extent of the galaxy, R is the read noise of the chip, and S is the counts per
second per pixel from the sky. In modern CCDs, the read noise is small, so if the
surface brightness of the galaxy is larger than the sky background (G > 5) then
SNR oc VGt, (2.5)
so that the integration time necessary to reach a given SNR is inversely proportional
to the galaxy's surface brightness (G). On the other hand, if G < 5 then
SNR (X Gy/|. (2.6)
Thus, for an object with a surface brightness below the sky, it requires an additional
factor of (S/G) longer integration time to achieve the same SNR as it would if the
sky surface brightness didn't dominate. Thus, large-scale studies of LSBs, which are
often 100 times fainter than the sky, can become extremely time-consuming.
In many cases, such limitations on faint objects can, at least in theory, be ac-
counted for. For example, suppose a scientist was trying to determine the luminosity
function of stars in the Galaxy. In principle, the scientist would merely count up
the number of stars observed in a fixed volume. In practice, the astronomer must
account for the fact that not all of the stars will be observed because low mass stars
have low luminosities, and thus can not be observed at large distances, while there
are few high mass, high luminosity stars in the nearby volume of space. Thus, the
mass distribution of stars must be determined by cobbling together counts of nearby
faint stars with distant bright stars. The accuracy of the estimate of the luminosity
function of stars in the Galaxy then is determined by the completeness and care in
overlapping of the various samples.
In the case of selection effects due to the surface brightness of galaxies, things
are more difficult to account for. This is because the surface brightness of a galaxy
is independent of distance, and thus LSBs are difficult to identify at all distances.
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Therefore, it is hard to find even a small nearby volume in which to estimate the
LSBG contribution. This results in Umits on our understanding of the contribution
of LSBs to the luminosity function and total mass of galaxies, but with an almost
unknown error.
It is of interest to quantify the selection effects which arise from optical obser-
vations, since most catalogs used to select samples of galaxies are optical. We will
follow the development of Mihalas and Binney (1981) in this discussion. It has been
found that the optical surface brightness distribution in most galaxies can be well
described by the equation
E(r) = y.,e-^^l-)"' (2.7)
where r is the distance from the center of the galaxy, Eq is the central surface
brightness, a is the scale length of the surface brightness distribution, and (5 =
1 for the disks of disk galaxies (de Vaucouleurs 1959), and = 4 for ellipticals
and the bulges of disk galaxies (de Vaucouleurs 1948). Even the disks of LSB
galaxies appear to follow this light distribution fairly well (Chapter 4; McGaugh
1992; Davies, Phillips, and Disney 1990). Given the surface brightness distribution
for galaxies, one can then estimate a characteristic size scale for a galaxy where
its surface brightness drops below the limiting surface brightness of an astronomical
image. For optical images, this limiting surface brightness depends on a combination
of the sky brightness, the noise intrinsic to the observing apparatus, and how well
the image can be "flat-fielded". The radius at which the galaxy signal drops below
the noise, r/, can be determined by re-writing Equation 2.7 as
log S(n) - log So = -0.4343(r,/a)^/^. (2.8)
To put the surface brightness in terms of magnitudes, we multiply through by -2.5,
and define /// = -2.51ogE(r/) and /^o = -2.5 log Eq. Thus we find
/3
ri = a
1.086
(2.9)
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In order to express this equation in terms of the total luminosity, we integrate
equation 2.7:
Ltot = '^o{2f3)\'iT (2.10)
and substitute this into Equation 2.9 to produce
Ltot
L 1.086 J
0
(2.11)
/ 7rS(2/?)!
This equation demonstrates how the apparent linear diameter, r,, of a galaxy
depends on its central surface brightness, /io, relative to the background level of the
image, Graphically, Equation 2.11 is displayed in Figure 2.3. It is immediately
obvious how sharp the peak in the Hmiting radius, r/, is for either an exponential
disk (solid line), or a r^/"* law profile (dot-dashed line). For the purposes of this
figure, we have simply set Ltot = 1, so the units of n are arbitrary.
For disk profiles, the apparent radius peaks when the difference between the
galaxy's central surface brightness and the limiting image surface brightness are
between 1 and 3magarcsec~^. The limiting radius drops off very quickly for galaxies
of equal luminosity but either: (1) a higher central surface brightness and shorter
scale length, or (2) a lower central surface brightness and a longer scale length.
The largest disk galaxies will appear to be those whose central surface brightness is
~ 2 mag arcsec"'^ above the sky brightness. This matches quite well with the results
of Freeman (1970), who concluded that the "average" central surface brightness for
disk galaxies was fioiB) = 21.65 ± 0.3 mag arcsec"^ for 28 of 36 spiral galaxies in
his study. More recently, Boroson (1981) came to a very similar conclusion that the
"average" central surface brightness was fJ.o{B) = 21.79 ± 0.78 mag arcsec"^ for his
sample of 26 galaxies. Given that the dark skies at B have surface brightnesses of
~ 23 mag arcsec"^, there seems to be good circumstantial evidence that the standard
value determined by Freeman and Boroson is due to selection effects.
Objects with an elliptical profile corresponding to an r^^'^ law have a fairly broad
distribution, with a limiting radius that peaks at a contrast between the sky and
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Figure 2.3. An example of how the Umiting diameter of a galaxy, n, in an image
depends on the difference between the sky surface brightness and the central surface
brightness of the galaxy, /// - The solid line represents an exponential disk, and
the dotted line represents a r^/'^ elliptical profile.
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the central surface brightness of the disk of 8-9 mag arcsec-^. This corresponds well
with the results of Fish (1964), who studied 25 ellipticals and determined that the
"average" central surface brightness is fXo{B) = 14.8 ± 0.9 mag arcsec'^ (For all
of these studies, the error quoted is the error in the mean.) Once again, selection
effects which choose the "largest" galaxy at a given luminosity, rather than the
physical distribution of surface brightnesses in the universe, are indicated as that
the most likely culprit of the observed "average" surface brightness. Furthermore,
using the averages from the studies of Boroson (1981) and Fish (1964), we find
that the observed difference between the peak apparent sizes for disk and elliptical
systems is 6.99 ± 1.19 mag arcsec-^ in very good agreement with the difference of
~ 6.5 mag arcsec"^ predicted from the two different models for the surface brightness
distributions.
A practical example of the problem of surface brightness selection effects is
presented in Figure 2.4. This figure shows a B image of an LSBG, UGC 334 (left)
and a HSBG, UGC 3140 (right), using the same brightness scale. These two galaxies
are at nearly the same distance, have nearly the same size, inclination and H i
linewidth, as well as Hi masses that are the same within about a factor of two.
This illustrates just how misleading the optical surface brightness can be when used
to select objects.
It appears that selection effects have led to an understanding of extragalactic
objects based primarily upon systems which have the common property that they are
relatively easy to study optically. In particular, objects with low surface brightness
will often be missed in optical studies because the limiting radius of a galaxy
apparent in an image drops very rapidly, reaching zero only ~ 2 magnitudes from
where the limiting radius peaks. It has been argued (van der Kruit 1987) that
the observed narrow range in optical surface brightness is, in fact, a true physical
property of galaxies. He studied a sample of 51 spiral and SO galaxies, which he
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Figure 2.4. A comparison of a "typical" low surface brightness giant galaxy and a
"typical" high surface brightness galaxy. Orientation is such that east is down and
north is to the left. The statistics for these galaxies are: 1) UGC 334: Bt=15.7,
V0=4627 km sec"S W5o=126 km sec-\ M(H i )~1.1 x 10^° M©, //b~25.8 magarcsec-^
and D25'-54kpc. 2) UGC 3140: Bt= 13.6, V0=4621 km sec-\ W5o=125 km sec"',
M(Hi)~2.5 X 10^° Me, /iB~23.8magarcsec-2, and D25~56kpc.
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claims is complete to a diameter of 2' at an apparent isophote of 26.5 J-mag arcsec'^
(where J ^B- 0.24(5 - K)), and finds a narrow distribution of central surface
brightnesses, = 21.8 ± 0.6 J-mag arcsec"^ (mean and standard deviation). He
concludes that a correction can be made for known sample selection effects by
weighing the contribution of each galaxy by the volume sampled, and suggests that
this correction is not enough to account for the narrow range of surface brightnesses
observed. He proposes instead that the small spread in /.q is due to a constant ratio
of visible to dark matter in all galaxies. Yet the discovery of galaxies such as Malin 1,
which has a mass-to-light ratio of ~ 80, assuming a standard flat Brandt rotation law
(Impey and Bothun 1989), indicates that there are at least some counterexamples.
Further evidence that LSB galaxies do have a role in the population of galaxies
comes from recent studies of deep plate material of clusters (Bothun, Impey, and
Malin 1991; Irwin et al. 1990; Davies et al. 1988; Impey, Bothun, and Malin
1988). These studies indicate that galaxies actually fill the entire (5,^o) parameter
space which is available subject to the constraints of the previously derived selection
effects. These studies have not found any trend between scale length and color or
surface brightness, indicating that LSB galaxies cover a very wide range of physical
properties.
2.4 Summary
We have examined the selection effects which have worked against the discovery
and study of low surface brightness galaxies. We find that these selection effects can
lead to a bias toward a narrow range of galaxies which stand out because of their
surface brightness. In particular, galaxies with surface brightnesses near or below
the surface brightness of the optical sky will be very difficult not only to initially
detect, but also to image in reasonable amounts of time. Only the recent advances
in detector technology have made a study of any such objects practical.
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Using the new technology, it has been determined that low surface brightness
galaxies which fall well outside the canonical range of optical surface brightness do,
in fact, exist. Several studies indicate that dwarf low surface brightness galaxies have
a steeper slope for the galaxy luminosity function than was indicated previously, and
thus contribute more significantly to the total luminosity and mass of galaxies in
the universe than had been previously assumed. Furthermore, not all low surface
brightness galaxies are dwarf galaxies in size, gas content, or stellar luminosity.
The potential importance of physically large, low surface brightness galaxies to
the luminosity function and the total mass of galaxies in the universe is not well
understood, which is one of the prime motivations for this work.
Chapter 3
THE SELECTION OF LOW SURFACE
BRIGHTNESS MASSIVE GALAXIES AND
THEIR KNOWN PROPERTIES
3.1 Introduction
The uncertainty in the galaxy luminosity function and the unknown contribution
of low surface brightness galaxies to the mass of the universe, as well as the fun-
damental question as to why there have been such different evolutionary scenarios
for these systems, have led to the recognition that scientists need to identify and
study low surface brightness systems. One successful approach discussed previously
has been to optically observe faint cluster members (Bothun, Impey, and Malin
1991; Davies, Phillips, and Disney 1990; Evans, Davies, and Philbps 1990; Impey,
Bothun, and Malin 1988). As seen in Chapter 2, these observations have led to the
conclusion that, at least in clusters, LSB galaxies are abundant. In fact, Bothun,
Impey and Malin (1991) have derived a slope to the galaxy luminosity function
for cluster dwarfs which is considerably steeper than the canonical value found by
Schecter. Most of the galaxies found through this technique are, in fact, dwarf
galaxies in the true sense of the word. They have small optical diameters, low gas
masses, and low dynamical masses. Still, if these LSB dwarfs are present in large
quantities, they could affect the current understanding of the distribution and total
amount of mass in the universe.
In addition to optically studying dwarf LSBs in clusters, a number of groups are
attacking the question by doing unbiased surveys in other wavelengths, primarily
the 21cm line of Hi (Briggs 1992; Hoffman, Lu, and Salpeter 1992; Spitzak and
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Schneider 1993; Henning and Kerr 1989; Weinberg et al. 1991). This is perhaps the
most useful method for determining, at least within a small volume of space, the
number of objects with detectable atomic hydrogen, and will place useful constraints
on the total number of such systems in the universe, as well as answering important
questions about their physical properties and large-scale distribution. PreUminary
results of these studies have concluded that while LSB galaxies may not provide the
necessary "missing mass" in the universe, optical surveys may have missed as much
as 50% of the galaxies detectable in atomic hydrogen.
Another approach that has been taken is to simply select very low surface
brightness objects off of the plates from the Second Palomar Sky Survey (Schombert
and Bothun 1988; Schombert et al. 1992; McGaugh 1991, 1992). Although not
generally located in clusters, as were most optically studied LSBs, determination of
the distance to LSBs selected this way indicates that once again the majority of such
systems are true dwarfs, in optical luminosity, size and gas content. These studies
also indicate that most of these LSB galaxies have low metallicities and very blue
colors. Not all galaxies selected in this matter are dwarfs, however. In the sample
selected by McGaugh, ~ 30% of the galaxies would qualify as low surface brightness
giants in both size and atomic gas mass (assuming Ho = 50 kms~^ Mpc~^). Thus,
while this approach has yielded important information about low surface brightness
galaxies, in general, the inhomogeneous nature of the sample makes drawing definite
conclusions about the formation and evolution of the systems difficult. However, if
the fraction of LBSGs found in this sample is representative, these studies indicate
that not only dwarf LSBs, but also LSBGs may comprise an important component
of the population of galaxies in the universe.
In an effort to expand the current envelope of knowledge of the evolution and star
formation histories of galaxies, we have taken the "hybrid" approach of collecting
galaxies which were identified optically despite their LSB nature and were later
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recognized as giants through 21 cm studies. Our primary sample consists of galaxies
with very low mean blue surface brightnesses, yet which contain large amounts
of atomic gas and have blue optical diameters similar to those of giant spiral
galaxies. Our comparison sample is galaxies with a range of higher mean blue
surface brightnesses which also are giants with prodigous amounts of atomic gas. All
of these galaxies have previously been catalogued optically (Nilson 1973; Schombert
and Bothun 1988; Schombert et al. 1992), so that our sample is subject to optical
selection biases as discussed in Chapter 2, yet by choosing galaxies which have
similar but extreme physical properties, we hope to extend our understanding of
this important class of LSB galaxies.
3.2 The Galaxy Sample
les
Our primary sample is taken from the Uppsala General Catalog of Galax
(Nilson 1973, hereafter the UGC), a diameter-limited catalog based on the plates
from the original Palomar Observatory Sky Survey (POSS). The UGC is a catalog
of all galaxies north of S ^ -2°30' visible on the original POSS plates which have
a diameter of 1' or larger on the blue plates. It contains Nilson's measurements of
the major and minor axis of each galaxy on the blue plates, as well as a Hubble
classification. Since this catalog was intended to be a diameter-limited catalog,
there is no apparent magnitude selection criterion, although it is obviously limited
to objects that can be seen against the sky background. In this respect, the UGC
differs from other compilations of galaxies and represents a unique database. In
particular, since there is no magnitude cutoff, the catalog includes many low surface
brightness objects that would not be listed in catalogs with a limiting magnitude.
Many of these LSB galaxies were classified by Nilson as "dwarf" galaxies despite
the fact that they had no measured redshifts, and thus their distances were unknown.
He assumed they were small nearby galaxies, since they had such low surface
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brightnesses. However, two recent studies of the Hi content of such galaxies by
Schneider et al. (1990; 1992) revealed that in fact a significant fraction of these
systems are actually at redshifts that place their absolute size among giant disk
galaxies, and their atomic gas content among the highest known for galaxies. It was
this revelation, along with the serendipitous discovery of the LSBG Malin 1 that
spurred this study. These galaxies are not dwarf galaxies in any physical sense (cf.
Chapter 1).
For the purpose of initial identification, a mean face-on surface brightness, Jl^q^^
was determined for each galaxy based on the information cataloged in the UGC:
T^UGc = "^UGC + 51og(a) + 8.63, (3.1)
where mucc is the magnitude listed in the UGC, and a is the major axis diameter.
(These measurements are not very precise, but we show later that they are sufficient
for dividing up the sample by surface brightness.) The LSBG sample consists of
those disk galaxies with low mean blue surface brightnesses, 77ugc^25 mag arcsec"^
large atomic gas masses, M(H i ) Z 10^° M®, and large linear diameters, D25 Z 30 kpc.
In addition, we have included several LSBGs, using the same criteria, identified
from the second Palomar Observatory Sky Survey (Schombert and Bothun 1988,
Schombert et al. 1992) in order to increase our range of low surface brightnesses. As
a comparison sample we use those UGC galaxies which match our selection criteria,
but which have a range of mean blue surface brightnesses /Iuqc^ 25magarcsec~^.
The samples were not chosen to be complete, but instead to allow us to begin to
explore the properties of this under-studied category of galaxies.
Table 3.1 presents the main properties of the giant. Hi -rich galaxies. These
galaxies are at high galactic latitude {\h
\
^30° ) and over a range of redshifts where
the catalogs are relatively complete and redshift distances are relatively accurate
(lOOOkmsec"^ ^ Vhei;^ 7000kmsec"^). These galaxies are subdivided by surface
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Table 3.1. Properties of Giant, Hi
-Rich Galaxies
Property HSB MSRiVl 0 13
wr<24 24< //D <9^ ^ OK K^ ..
( Vu„i \ ( km i?"^ ^
\ hel / V "-^^i ) 5043 5058
( diameter ) (kpc) 0 ( 40
{b/a) 0.66 0.49 0.49
{ mB ) 13.6 14.6 16.0
( log Lb ) (Lq ) 10.7 10.3 9.8
( log Mhi ) (Mq ) 10.3 10.3 10.2
( log Mdyn ) (M« ) 11.2 11.2 11.1
brightness into high surface brightness, (HSB: ^ugc <24 mag arcsec-^), medium sur-
face brightness, (MSB: 24< TZuqc ^25.5 mag arcsec-^), and low surface brightness,
(LSB: flxjGc ^25.5 mag arcsec-2), using the data from the UGC. Column 1 hsts the
property that is being compared, while Columns 2-4 give the average value of each
property for HSB, MSB, and LSB galaxies, respectively. No obvious trends are
seen, other than in blue magnitude and luminosity (which is not unexpected in a
separation by blue surface brightness). It is particularly surprising that there is no
apparent dependence of the dynamical masses (calculated for those systems with
major/minor axis ratio < 0.5) upon surface brightness. Evidently the lack of stars
in LSBGs is not due to a drop in the mass of these systems.
There is a potential problem in that the precise values of surface brightness
were calculated using the uncertain magnitudes and diameters listed in the UGC.
These magnitudes come from one of two sources: (1) measurements by Zwicky using
the Schraffier technique down to m = 15.7 (Zwicky et al. 1960-1968), which are
estimated to be accurate to ±0.15 mags for magnitudes fainter than 14 (Giovanelli
and Haynes 1984) once systematic differences between Volume I and the other
volumes are accounted for, or (2) Nilson's eye estimates of the magnitude, a number
which we show later to be uncertain by up to a magnitude.
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The first technique, using Schraffier film, involves obtaining photographic images
of fields that are taken moving the telescope in such a way that the resultant images
are out-of-focus and fill a square approximately 1' on a side. These out-of-focus
images were then compared with a series of squares on Schraffier film which varied
in magnitude between 10 and 15. This technique should be quite accurate for
point sources, however, by definition, all the galaxies contained in the UGC are
larger than the cell size used for the comparison. Naturally, this could introduce
significant systematic errors in the determined magnitudes. Zwicky et al. (1960-
1968) attempted to correct for this by adjusting the brightness of the galaxies with
photographic magnitudes between 10 and 13 so that they would match, on average,
magnitudes reported in the Shapley-Ames catalog. However, they left galaxies with
magnitudes below 14.5 unchanged, and many of the galaxies in our sample fell into
this category. Thus, a systematic error in the true surface brightness of the LSBGs
was anticipated from this source.
The second technique used to make an estimation of the apparent blue magni-
tudes of galaxies that did not appear in the Zwicky et al. (1960-1968) catalog
was simply an eye estimation made by Nilson. This procedure used the scale
16.0, 16.5, 17.0, 18.0, and 19.0, and was made relative to stars on the print itself.
Therefore, any variation in the background level of a particular print could introduce
a systematic offset in the estimated magnitude. Furthermore, Nilson's eye estimates
of the diameters of galaxies are not necessarily at the same isophotal level for
all galaxies. The diameters listed are the maximum diameters measured on the
prints, and are therefore subject to the same systematic errors as the apparent
magnitudes estimated by Nilson. As a result of these effects, our initial selection
criteria of /Zugc ^ 25magarcsec~^ was expected to have "slop" associated with it,
where galaxies originally classified as LSBGs might end up as MSBGs, and vice
versa. There was also the distinct possibility that there would be an overall shift in
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the nominal LSBG surface brightness cutoff. This shift would be due to systematic
errors in magnitudes for these faint systems.
We have examined the blue usmagnitudes and surface brightnesses obtained
from our sample (see Chapter 4 for a description of the observations and data
reduction) and compared them to those obtained from the UGC. In Figure 3.1
we plot the integrated blue magnitudes of the galaxies out to the 25 mag arcsec'^
isophotal level versus the integrated blue magnitude given in the UGC. We have
separated the galaxies by UGC morphological type using different symbols in the
figure.
The first thing that is seen in Figure 3.1 is that the agreement between our
magnitudes and the UGC/Zwicky magnitudes is quite reasonable for Bugc ^ 14,
with an average scatter of ~ 0.3 mag, and a tendancy for the very brightest galaxies
to be slightly fainter than the magnitudes listed in the UGC. This is not surprising,
since the Zwicky magnitudes for bright galaxies may actually have been measured
down to a fainter isophote than 25 mag arcsec"^ At the fainter magnitudes the
scatter increases to about a magnitude at Bugc ~ 16.5, and the UGC magnitudes
are systematically fainter than our measurements. The three galaxies at galactic
latitude |6| < 20° have magnitudes which are significantly underestimated in the
UGC (by 1-2.5 magnitudes). Some of the discrepancy may be due to the fact that
not all the magnitudes listed in the UGC are measured from the same isophotal level,
and the UGC magnitudes are not corrected for the known offset at faint magnitudes
in Volume I of Zwicky's Catalog (Giovanelli and Haynes 1984).
The second noteworthy point about Figure 3.1 is that there is a definite mor-
phological segregation depending on the blue magnitude of the galaxy. Nearly all
Sa through Sc and Irregular galaxies have Bugc ~ 15.5, while the galaxies that
Nilson classified as Sdm, Sm or dwarfs have Bugc ^ 15.5. This suggests either
a dependence or a bias in the morphological classifications based upon apparent
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Figure 3.1. A comparison of the integrated blue magnitudes listed in the UGC with
those determined from the optical data taken as a part of this study. The integrated
blue magnitudes from this study are calculated at the 25 mag arcsec"^ isophotal level.
Point types indicate the galaxy's UGC morphological classification, where an open
triangle indicates a dwarf galaxy, an open square indicates a Sdm/Sm galaxy, an
open circle indicates a Sc/Irr galaxy, a filled circle indicates a Sa/Sb galaxy, and an
"x" indicates a galaxy at galactic latitude |6| < 20°.
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brightness of a galaxy, since the galaxies have similar physical properties other than
surface brightness.
With the most general physical properties (size, gas mass) already accounted
for by the selection criteria for the sample, the question of interest is: Does the
morphological classification of a low surface brightness galaxy merely reflect the
difficulty of making an accurate classification for apparently faint galaxies? To
address this question, we have plotted in Figure 3.2, the mean blue surface brightness
determined in this study at the //(B) = 26 mag arcsec'^ isophotal level against the
mean blue surface brightness calculated using UGC magnitudes and diameters. It
was determined that the diameters of the galaxies in the B and R images most closely
matched those listed in the UGC at //(B) = 26 mag arcsec'^, and the integrated
B magnitudes out to this isophote were thus selected to be used in the surface
brightness comparison. Point types are the same as in Figure 3.1. Once again the
morphological separation of the galaxies in this sample is apparent, with Sa/Sb
and Sc/Irr galaxies generally having TIugc ^25.5 mag arcsec-^ while the Sdm/Sm
and dwarf galaxies have /Iugc ^25.5 mag arcsec"2. The segregation is also seen if
the newly determined mean blue surface brightnesses are used, rather than the
UGC surface brightnesses. This separation, however, could be due largely to the
presence or lack of a nuclear bulge, which would enhance the surface brightness of
early-type galaxies, which have large bulges. Potentially real differences between
the morphological types will be addressed in Chapter 4.
Figure 3.2 also shows that, above T^ugc ^25 mag arcsec"^, the mean blue surface
brightnesses derived from the current work are, on average, 1 magarcsec"^ brighter.
Thus, a more accurate description of the surface brightness selection criteria applied
to the LSBG sample would be /Zb ^24 mag arcsec""^. In any case, the galaxies still
represent the low surface brightness extreme of cataloged galaxies.
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Figure 3.2. A comparison of the mean blue surface brightnesses calculated from
magnitudes and diameters listed in the UGC with those determined from the optical
data taken as a part of this study. The mean blue surface brightnesses from this
study are calculated at the 26magarcsec~^ isophotal level of the B image. Point
types indicate the galaxy's UGC morphological classification, where an open triangle
indicates a dwarf galaxy, an open square indicates a Sdm/Sm galaxy, an open circle
indicates a Sc/Irr galaxy, a filled circle indicates a Sa/Sb galaxy, and an ''x" indicates
a galaxy at galactic latitude |6| < 20°.
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In order to determine the "slop" in the separation of galaxies into high and
low surface brightness categories using the information contained in the UGC, we
have plotted in Figure 3.3 the mean blue surface brightness at the 26 mag arcsec'^
isophotal level of the B image against the blue magnitude from the UGC. This Figure
shows that if you take the new surface brightness cutoff to be /Zg >24 mag arcsec'^,
as described above, the selection criteria originally used in this study, namely that
/luGC ^25magarcsec-2, does quite well at selecting low surface brightness galaxies.
In fact, none of the galaxies originally classified as a LSBG has JIq <24 mag arcsec-^.
There are a number of galaxies originally classified as HSBG which now fall in the
LSBG category, however. If we were to be slightly more stringent, and set our new
selection criteria at /Zb ^24.5 mag arcsec'^, we would have only one galaxy which
originally fell in the HSBG category as an LSBG, and about an equal number of
original HSBGs and LSBGs in the "gray" area of 24</7b ^24.5 mag arcsec'^. We
therefore conclude that, allowing for a shift in the mean optical surface brightness
originally used as a selection criteria, the sample used here does represent galaxies
that are giant, massive, low surface brightness disk systems.
3.3 The Hi Properties of the Sample Galaxies
The galaxies in the current study were specifically selected to be atomic gas-rich
disk systems. The determination of the atomic gas mass of each system was done
using single dish H i profiles taken largely from Schneider et al. (1990; 1992). Masses
were calculated using the total Hi flux, assuming that the Hi was optically thin,
from:
roo
M{HI) = 2.36 X 10' V / S{v) dv (3.2)
where M(Hi) is the total atomic hydrogen mass in solar masses, D is the distance
to the galaxy in Mpc, S{v) is the Hi flux at velocity v in Jy, and dv is the velocity
interval in kms~^
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Figure 3.3. A comparison of the mean blue surface brightnesses calculated from the
optical data taken as a part of this study using the integrated blue magnitude at
the 26 mag arcsec"'^ isophotal level of the B image. Point types indicate the galaxy's
original classification as a low surface brightness (LSB) or high surface brightness
(HSB) galaxy using the magnitudes and diameters given in the UGC. Filled circles
represent galaxies originally classified as HSB, while open circles indicate galaxies
originally classified as LSB.
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The LSBGs in the current study are unusual in that they are not only gas-
rich, but also have very high atomic gas mass relative to their blue luminosities
compared with "normal" disk systems. In Figure 3.4 we present a histogram of the
"gas-to-light" ratio for the high and low surface brightness samples. The Hi mass
was determined as stated above, and the blue luminosity was calculated using the
total blue magnitude inside the //^ = 26 mag arcsec'^ isophote (see Chapter 4 for the
determination of the absolute magnitudes). The LSBGs clearly have high gas-to-
light ratios. An average atomic mass to blue luminosity (where the blue luminosity
is calculated using the absolute magnitude measured inside D25), ratio is ~ 0.20 for
disk galaxies of all morphological types, (Roberts 1969; Young and Knezek 1989),
with a tendancy for late-type spiral galaxies to have a higher gas-to-light ratio th
early-type spirals (M(H
i
)/Lb(D25) ~ 0.53). The mean gas-to-light ratio for LSBG
is M(Hi)/Lb(D26)~ 1.8 at D26, or M(Hi)/Lb(D25) ~ 2.6 at D25. The mean gas-to-
light ratio for HSBGs is is M(H i )/Lb(D26) ~ 0.52 at D26 or M(Hi)/Lb(D25) ~ 0.58
at D25, which is consistent with the mean value found for late-type disk galaxies. If a
significant number of LSBGs with high gas to light ratios are present in the universe,
but have escaped detection in previous studies, calculations of the total mass in the
universe which is contained in galaxies could be severely underestimated.
While the atomic gas mass to light ratio in LSBGs is significantly higher than
in HSBGs and "normal" disk galaxies, the atomic gas to dynamical mass ratio is
apparently not as extreme, as was anticipated from table reftable:genprop. In that
table, it was shown that HSBs and LSBs have about the same atomic gas and
dynamical masses, while the LSBs have lower blue luminosities. Figure 3.5 is a
histogram of the ratio of the "gas-to-mass". The LSBGs do have a larger range
of gas-to-mass ratios, ranging up to about 30% of their dynamical mass in atomic
gas. The two LSBGs that have ratios of M(H
i
)/Mdyn <^ 1 both have narrow Hi
profiles, and are thus probably nearly face-on, so their dynamical masses are not
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Figure 3.4. A histogram of the gas mass to Hght ratio, M(H i )/Lb(D26), for
high and low surface brightness giant galaxies. We have defined high and low
surface brightness (based on new B magnitudes) as: Jlb{^26) ^24.5 mag arcsec~^and
7^b(D26) ^24.5 mag arcsec"^, respectively. The LSBGs clearly have a higher mass to
light ratio, on average, than do the HSBGs.
Chapter 2
LOW SURFACE BRIGHTNESS GALAXIES
AND SELECTION EFFECTS THAT BIAS
AGAINST THEIR DISCOVERY
2.1 Introduction
We live on a planet with an atmosphere that is nearly opaque to many wave-
lengths of electromagnetic radiation, in a solar system that is filled with small
particles of debris which absorb and emit radiation, and in a disk galaxy filled
with gas and dust that quite effectively blocks, absorbs, re-radiates, and generally
wreaks havoc on much of the radiation incident on, and especially incident parallel
to, the disk. It is through this forest of obstacles that astronomers attempt to study
the universe.
In addition to this range of difficulties observers face due to the nature of
the universe that they are trying to study, they also face challenges arising from
limitations of the detectors used to make the observations. Until very recently,
most astronomical studies have been done optically, often using photographic plates,
which have a very limited dynamic range. In the last 25 years or so, great leaps
in our knowledge of the universe have taken place, largely thanks to the rapidly
improving technology available to astronomers. In addition, advances in computer
technology have made a wide variety of large databases accessible to astronomers
which have led them to realize that some conclusions drawn about the intrinsic
physical properties of objects in the universe are merely artifacts of the previously
more limited resources.
One of the most problematic results based on early work is that galaxies appear
to fall in a very narrow range of optical surface brightnesses (Freeman 1970). Free-
man (1970) found that the "typical" central surface brightness of disk galaxies is
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/^o(B) = 21.65 ± 0.3magarcsec-^ There is no obvious physical reason to assume,
however, that galaxies should have the same surface brightness. Moreover, the typi-
cal surface brightness of these galaxies bears a suspicious relationship to the surface
brightness of the murky sky through which they are viewed. The galaxies have just
the surface brightness that, for normally-shaped light distributions within galaxies,
allows them to obtain the maximum apparent size given their total luminosities.
Thus, the best-studied galaxies "happen" to have just the property that makes
them easiest to observe through Earth's night-sky background (Disney 1976; see
also review by Mihalas and Binney 1981). Perhaps nature has been kind, but it is
possible that, like the Herschels' determination in the eighteenth century that the
sun is near the center of our Galaxy, the canonical value of central surface brightness
is due to selection effects, although it might be genuine (van der Kruit 1987).
What has remained unclear until the last decade is how much of an effect the
selection biases have had on our understanding of the physical processes that control
the evolution and star formation histories of galaxies. Does the apparently narrow
range in optical morphology of "normal" disk galaxies and the apparent similarity
of star formation processes within these galaxies merely reflect the narrow range of
surface brightnesses which have been explored? If the answer is "yes", then what
are the effects on our estimates of the galaxy luminosity function and the total mass
of galaxies in the universe when the previously unexplored galaxies are included?
2.2 The Galaxy Luminosity Function and the Mass of Galaxies
There has been extensive work done recently to address the issue of the existence
or nonexistence of potentially important classes of extragalactic objects which have
eluded discovery due to the aforementioned selection effects. In particular, much
of the effort has been concentrated on the nature of low surface brightness objects.
Early work done by Hawarden et al. (1981) and Romanishin, Strom and Strom
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(1983) showed that galaxies which have low optical surface brightnesses could still
have significant quantities of gas, and that they were not necessarily "dwarfs" in
either physical size or total mass.
If a significant number of such systems exist, they might represent a part of the
galaxy luminosity function which has been overlooked. In fact, recent studies of the
very low surface brightness members of clusters (Bothun, Impey, and Malin 1991;
Davies, Phillips, and Disney 1990; Evans, Davies, and PhiUips 1990; Impey, Bothun,
and Malin 1988) suggest that the omission of these systems has led to a significant
underestimation of the contribution from the faint end of the galaxy luminosity
function. The galaxy luminosity function can be described by
m = {Yjij-r^M-L/L.) (2.1)
where A^o is a normalization factor to the local number density of galaxies, I. is
the characteristic luminosity for galaxies at the turnover in the luminosity function,
and a is the slope of the function for low luminosity galaxies. Schechter (1976)
found that a = -1.25 for his data set, while more recent work has determined that
a = -1.32 (Ferguson and Sandage 1988). This power law may not extend to the
faintest end of the luminosity function, however. In particular, Bothun, Impey, and
Malin (1991), using the dwarf galaxies in the Virgo and Fornax clusters, derive a fit
to the faint end of the slope of the galaxy luminosity function of a~ -1.55, which
is steeper than the canonical value of a = —1.32.
The significance of a steeper power law is in its implication for the relative
importance of faint vs. bright galaxies to the total mass contribution of galaxies.
For example, the total mass of a sample of galaxies can be determined by integrating
galaxies' masses over the luminosity function:
Mtot= {M/L)L(i){L)dL, (2.2)
IG
-4-2 0 2
log(L/L*)
Figure 2.1. The shape of the Schechter luminosity function is depicted in a log log
plot. Note that at low luminosities the function has a power-law slope a and that the
number counts turn over rapidly for galaxies much brighter than L, (~ 2 x IO^^Lq)
for = 50kms-i Mpc-^).
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where (M/L) is the mass-to-light ratio of a galaxy and Lmin is the lower-hmit of
the luminosity function. Substituting equation 2.1 for 0(1) and assuming {M/L)
is the same at all luminosities, one then finds that the exponential term in </>(!)
effectively provides a cut off at the high-luminosity end. The total mass of galaxies
can then be written as approximately (for a in the range of interest)
Mtot ~~ [{OSL.r- - L^^r^] M,>,., (2.3)
where Ml>l. is the mass associated with galaxies brighter than L.. Note that the
mass diverges as a -> -2. Thus, if the slope of the luminosity function is steep
enough, faint dwarfs could contribute a very large amount of mass to the universe.
Moreover, if the average mass-to-light ratio grows larger at lower luminosities,
e.g. {M/L) oc with /? < 0, then the relevant term for determining the mass
contribution of faint galaxies is not a but a + /?. The effect of introducing higher
[M/L] galaxies at lower luminosities is shown in Figure 2.2, where now the low
luminosity limit Lmin has been set to lO""*!. and the integral has been numerically
integrated. Note that a shift of a few tenths in a -|- /5 can effectively increase the
total mass associated with galaxies by a substantial factor.
The contribution of large low surface brightness galaxies to the luminosity func-
tion remains to be determined, due to the poorly known properties of these systems.
The prototype LSBG, Malin 1, has a very low central surface brightness, yet has a
total absolute blue magnitude of Mb = -24.0, (assuming Ho = 50 kms~^ Mpc"^)
which would place it among the most luminous galaxies. Malin 1 is an extraor-
dinary galaxy in a number of ways. It has a bulge with a very extended opti-
cal disk (scale length =110 kpc), and the most Hi ever detected in a disk galaxy
( M(Hi) ^ 5 X 10^^ M© ). Despite its high total luminosity, the mass to light ratio
implied from the Hi profile is M/Lb ~ 80, nearly a factor of 10 higher than the
standard mass to light ratio observed for disk galaxies (Impey and Bothun 1989).
If many systems such as Malinl, or even somewhat less luminous systems, exist,
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Figure 2.2. This figure depicts the dependence of total galaxy mass on the luminosity
function. If the power-law exponent in the Schechter luminosity function is a and the
mass-to-light ratio depends on luminosity as {M/L) a L^, then the total integrated
mass of galaxies down to Lmin — lO""*//. depends on a + ^. For estimation
calculational purposes, an approximate fit to the mass dependence is also given.
The total mass is referenced to the mass associated with galaxies brighter than L..
42
well determined. Excluding the two apparently overestimated ratios, the mean
value for the LSBGs is M(Hi)/Moyn = 0.14, while the mean value for the HSBGs is
M(Hi)/Mdyn
-0.08. Based on work by Rubin et al. (1985) on the dynamical mass
to blue luminosity ratio for different morphological types, and work by Haynes and
Giovanelli (1984) on the atomic gas mass to blue luminosity ratio for the different
morphological types, the mean atomic gas mass to dynamical mass ratio is ~ 0.05 for
Sa's, ~ 0.08 for Sb's, and ~ 0.20 for Sc's. Thus, the LSBGs and HSBGs have atomic
gas mass to dynamical mass ratios which are consistent with those of "normal"
disk galaxies. The significantly higher mean atomic gas mass to blue luminosity
ratio, and the comparable atomic gas mass to dynamical mass ratio would imply
that LSBG galaxies have a higher fraction of dark matter (if one counts Hi as dark
matter) than do "normal" disk galaxies. Once again, this implies that if a significant
number of LSBGs exist in the universe, we could be seriously underestimating the
contribution of galaxies to its mass. Furthermore, if we calculate the "light-to-mass"
ratio, Lb(D26)/Mdyn for the HSBGs and LSBGs, we find that the mean value
for HSBGs is Lb(D26)/Mdyn = 0.10, while it is Lb(D26)/Mdyn = 0.05. Combining
this with the gas-to-mass mean values, it suggests that perhaps the HSBGs have
converted a higher fraction of their atomic gas into stars than the LSBGs. Even
with this possibility, it appears that the LSBGs have more mass in the form of
atomic gas. Some of this gas may be in molecular form in HSBGs, as was proposed
by Young and Knezek (1989).
3.4 The Environment of Gas-Rich Galaxies
We have confirmed that we have selected a sample of disk galaxies with extreme
physical properties. These galaxies represent a first pass at delving into the prop-
erties of a carefully selected, unique sample of low surface brightness galaxies. The
systems selected for this study are extreme in both their physical size and their
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M(HI)/M
Figure 3.5. A histogram of M(H i )/Mdyn, the atomic gas mass to dynamical mass ra-
tio, for high and low surface brightness giant galaxies. We have defined high and low
surface brightness (based on new B magnitudes) as: Jib{^26) ^24.5 mag arcsec"^and
7^b(D26) ~24.5 mag arcsec"-^, respectively. The LSBGs clearly have a higher atomic
gas mass to total mass ratio, on average, than do the HSBGs, and disk galaxies in
general, but they do not have most of their material in the form of atomic gas.
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atomic gas mass. The proto-type (and so far, the most extreme example) of a giant,
low surface brightness galaxy is Malin 1 (Bothun et al. 1987). This galaxy is known
to have an Hi disk which extends at least 2 Mpc in diameter. The members of
this sample represent smaller, but still remarkable, cousins to Malin I. One of the
first questions that comes to mind with respect to these galaxies is: How did these
massive galaxies form and evolve into disk systems while apparently converting
.o
little of their atomic gas into stars?
It is known that the local environment of a galaxy can dramatically affect the
galaxy's evolution and star formation history. Arp (1966) cataloged systems which
appear to have optically "peculiar" morphologies and found that the majority of
these systems had very close neighbors with which they were interacting. In some
cases these interactions had apparently resulted in the merging of the galaxies.
Evidently, however, close interactions are not the only way that galaxies influence
each other.
Galaxies also show a morphology-density relation based on studies of the distri-
bution of morphological types as a function of distance from the center of clusters
(Dressier 1980). In general it is found that ellipticals and early-type disk galaxies
are found predominantly in rich clusters while late-type galaxies are more likely to
be found in poor clusters or in isolation. Early-type galaxies and ellipticals also tend
to reside nearer the center of clusters than do late-type spiral galaxies. Furthermore,
there is evidence that atomic gas is stripped from galaxies in clusters (Davies and
Lewis 1973; Chamaraux et al. 1980; and Haynes Giovanelli 1984; Cayatte et al.
1990). This can be seen both in the comparison of the amounts of Hi gas in a
particular morphological type which is isolated versus a one which is an interior
cluster member (Giovanelli and Haynes 1984), and in the relative sizes of the Hi
disk of a galaxy in isolation versus a cluster-member galaxy (Cayatte et al. 1990). A
corresponding relation in the amount and distribution of ^^CO in galaxies in clusters
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versus those in isolation has not been found, however. Kenney (1987) mapped Virgo
spirals in ^^CO(J=.1^0) and found no evidence of a
-CO deficiency despite the fact
that a significant portion of his sample was classified as Hi-deficient (Haynes and
Giovanelli 1983). Thus he concluded that the atomic gas was largely stripped from
the outermost regions of the disk, and the ^CO
,
which is usually confined to half
the optical diameter (Kenney 1987; Young and Scoville 1991) was not seriously
depeleted.
The evidence that environment clearly plays an important role in the overall evo-
lution of a galaxy is further strengthened by the determination that galaxy-galaxy
interactions can enhance star formation. The IRAS satellite provided information
on the far-infrared (FIR) properties of galaxies, and one of the first discoveries
made was that the most FIR-luminous galaxies usually showed optical signatures of
interactions (Sanders et al. 1986; Young et al. 1986a; .Sage and Solomon 1989). This
enhancement in FIR emission has been interpreted as dust heated by massive young
stars being formed as a result of the interaction. The effects of a galaxy-galaxy
interactions have been the subject of intense study in recent years, and models of
the interactions of the components of galaxies (Olson and Kwan 1990b; Toomre and
Toomre 1972) have become quite sophisticated and capable of reproducing, at least
qualitatively, the observed effects of an encounter.
At the other extreme from galaxies which are currently undergoing, or have
recently undergone an interaction with another galaxy, one expects to find galaxies
which have perhaps never had a near encounter with another galaxy. It is very
difficult to imagine the survival of the 2 Mpc disk of Mahn 1 in an environment which
is affected by gravitational perturbations of near neighbors. Despite the enormous
H I disk, Malin 1 shows very little sign of star formation in its disk, with a very
low central surface brightness (Bothun et al. 1989), and no detected ^CO emission
(Bothun et al. 1989; Radford 1992).
e IS an
en-
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The discovery of MaHn 1 prompts the question of whether or not ther
environmental difference between LSBGs and HSBGs. We can examine the local
vironment of giant, gas-rich galaxies in an attempt to find environmental differences
between galaxies with "high" and "low" surface brightnesses. We use all galaxies
m the UGC that meet our primary selection criteria that M(Hi)>101OM© and
D25 >30kpc. Only galaxies at Galactic latitudes above b = 30° and with measured
Hi velocities in the velocity range 1000 km s'^ ^ Vhei ^ 7000 km s-^ are used. The
velocity cutoff at the low end avoids local galaxies whose velocities are not necessarily
reflective of their distances, and which are so large on the sky that an angular
search for neighbors would not be representative of the actual probability that
any projected neighbors are also physical neighbors. At high velocities, our cutoff
avoids serious incompleteness of neighboring bright galaxies, since an L. galaxy
will have a magnitude of -15 at 7000 km s'^ . The galaxies have been separated
into three categories: a^ugc ^24 mag arcsec-^, 24< /Iugc ^25.5 mag arcsec'^, and
/luGC ^25.5 mag arcsec-^ Then using the entire Zwicky catalog (Zwicky et al.
1960-1968), we search a volume of space out to a projected separation of 1 Mpc (at
the velocity of the galaxy) for any neighbors.
By choosing an individual magnitude limit for possible neighbors near each of
our target galaxies, we can "tune" the distribution function of galaxies to peak near
the distance of the galaxy under consideration, and by choosing lower (brighter)
magnitude cutoffs we can limit our search only to possible bright neighbors. We
illustrate the "tuning" principle in Figure 3.6, where we display how a flux-limited
sample tends to be distributed as a function of velocity. Plotted is the total of
galaxies at each distance d that are brighter than the limiting flux //i^:
N{d)=ujd'' (f>{L)dL, (3.3)
where m is the solid angle observed. At small distances, the number counts initially
rise due to the increasing volume within the observed solid angle, but as Z-» is
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Figure 3.6. The velocity distribution for a flux-limited sample is shown for galaxies
within an observed solid angle. The galaxies are assumed to obey a Schechter
luminosity function, and the flux limit is such that an L. galaxy is at the limit at
V = 5000 km s~^. Note that the number counts initially increase with distance due
to the growing volume until the flux-limit approaches the turnover in the luminosity
function.
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approached, the exponential turnover in the huninosity function causes the counts
to rapidly decline.
For the purposes of our search for neighbors, the curve in iMgure 3.6 can be
essentially regarded as a probability distribution. Thus, with the appropriate choice
of limiting magnitudes, we avoid the likelihood of counting large numbers of back-
ground galaxies. In addition, because of the "dumpiness" in the large scale distribu-
tion of galaxies, which all of these galaxies basically follow (Thuan ct. al. 1991), the
probability distribution is effectively made even narrower. This magnitud(> tuning
avoids the need, at least in a statistical sense, for limiting our search to a database of
galaxies with known velocities, allowing us instead to use the entire Zwicky catalog
of ~30,000 galaxies in our nearest neighbor search.
The distinctions between the different surface brightness samples are most ap-
parent when we select magnitude limits that would allow only galaxies brighter
than about 0.6L, at the distance of the target galaxy. In Figure 3.7 w<> present a
histogram of the distance to the nearest ~ L. or brighter neighbor for the galaxies
in each of the surface brightness classifications. It it apparent in Figure 3.7 that a
HSBG, /luGC ^24 magarcsec"^ is much more likely to have a near neighbor than a
low surface brightness giant, /Iugc ^25.5 mag arcsec~^ In fact, the distribution of
nearest neighbors for LSBCs approaches that of the distribution of nearest neighbors
projected to randomly selected positions on the sky. The LSBGs apparently (!xist
in relatively isolated environments, at least with regard to having relatively bright
neighbors.
Note that this conclusion is not identical to stating that LSBGs avoid the centers
of clusters. The conclusion that LSBGs have no nearby bright neighbors also does
not necessarily suggest that they are filling in the voids in the universe. In fact, as
can be seen in I^'igure 3.8, and Figure 3.9, the LSBGs apparently follow the same
large-scale structure that is traced out by fISB galaxies. In these figures we have
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Giants with |b|>30°and 1000<v<7000km/s
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Figure 3.7. A histogram of the projected distance to the nearest neighbors
of high, medium, and low surface brightness giant galaxies. We have defined
high, low, and medium surface brightness (based on UGC B magnitudes) as:
/WUGC ^24 magarcsec"^, 24^ /Iugc ^25.5 mag arcsec"^, /Iugc ^25.5 magarcsec"^,
respectively. Each histogram shows the number of galaxies with a neighboring ~ L,
galaxy within various projected distances at the velocity of the selected galaxy. The
bottom panel indicates the probability that the projected nearest neighbor is simply
a random projection, and not actually physically associated.
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plotted the location of a galaxy as a function of its redshift and right ascension.
Each slice represents 8 hours of right ascension and is collapsed 10° in declination
for the slice 20° ^ 30°. We have plotted all of the galaxies in the UGC with
measured velocities from Okms"^ ^ Vhe,^ lOOOOkms'^ Galaxies included in the
current sample are plotted as open circles, while all other galaxies are plotted as
filled circles.
While the LSBGs do appear to follow the large-scale features, they are not found
in the densest environments. This is not surprising, and in fact has been predicted
by Hoffman, Silk, and Wyse (1992). What is key to note is that they have no near
neighbors. In Figure 3.8, and Figure 3.9, each open circle is more than a megaparsec
in diameter. The LSBGs are unlikely to have a neighbor within this relatively small
distance. It is in this sense that the LSBGs are isolated.
3.5 Summary
We have attempted to select a uniform sample of giant, massive, low surface
brightness disk galaxies using recent Hi observations (Schneider et al. 1990; 1992),
and published values for the blue magnitudes and diameters (Nilson 1973; Schombert
and Bothun 1988; Schombert et al. 1992). As seen in Chapter 2, the selection effects
have worked against the discovery and study of such galaxies until recently. These
selection effects can lead to a very narrow range of galaxies standing out enough
optically to be selected for study, especially if the sample is chosen using a limiting
magnitude cutoff. We have attempted to avoid the worst of the selection effects by
using a diameter-limited catalog as the core from which our sample was taken.
The diameter-limited catalog chosen as the base for our sample selection, the
UGC (Nilson 1973), has known uncertainties in the listed blue magnitudes which
were used to calculate the surface brightness of each galaxy. There are also system-
atic effects in the diameters listed. We have therefore compared the surface bright-
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Figure 3.8. A plot of the distribution of spring galaxies in the UGC with measured
Hi velocities between Okms~^ ^ Vhei ^ 10000 km LSBGs are plotted with open
circles, and the rest of the galaxies are plotted with filled circles. This slice represents
8 hours in right ascension and is collapsed 10° in declination from 20° ^(5^30°.
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Figure 3.9. A plot of the distribution of fall galaxies in the UGC with measured
Hi velocities between Okms"^ < Vhei 10000 km LSBGs are plotted with open
circles, and the rest of the galaxies are plotted with filled circles. This slice represents
8 hours in right ascension and is collapsed 10° in declination from 20° ^ 6^30°.
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nesses and magnitudes determined from the R and B photometry obtained in the
current study (see Chapter 4) with those hsted in the UGC. We find that the diame-
ters Hsted in the UGC most closely match diameters at about the 26 mag arcsec-^ B
isophote. We find, however, that below a certain UGC blue magnitude, Bugc ~ 15,
the actual blue magnitudes and corresponding blue surface brightnesses are brighter
by up to a magnitude, or 1 magarcsec'^, respectively. Thus, the sample selected
for study ^^065 represent a sample of LSBGs, but not as extreme of a sample as was
indicated by the earlier data.
An examination of the physical properties of the LSBGs shows that, as intended,
they have large physical sizes and large gas masses. When compared with HSBGs
selected to have the similar sizes and gas masses, we find that not surprisingly the
LSBGs have higher atomic gas to Hght ratios. However, we do not find that the
LSBGs have any smaller dynamical masses on average. A larger fraction of the
dunamical mass of LSBGs is in the form of atomic gas, and the fraction is similar
to that found in late-type disk systems. In other words, the LSBGs in some sense
represent an extreme in total galaxy mass for gas-rich late-type disk systems.
The unique physical properties of the LSBGs, namely their large physical sizes,
huge quantities of atomic gas, dynamical masses, and lack of obvious signs of
significant massive star formation, raise the question of how these galaxies may have
formed and remained so quiescent. We find that LSBGs do not fill in the voids, but
apparently trace large-scale structure similar to all other galaxies. However, on
a local scale, the LSBGs are isolated, usually having no bright neighbors within
a megaparsec. These galaxies may therefore have formed and evolved without
interaction with other galaxies. We turn next to exploring the nature of the stars
in these systems.
Chapter 4
MORPHOLOGY AND STELLAR
POPULATIONS OF LOW SURFACE
BRIGHTNESS GIANT GALAXIES
4.1 Introduction
Prior studies of LSB galaxies have noted that they appear to span as large a
range of optical morphologies as do HSBs, albeit with a higher percentage of the
galaxies being classified as "late-type" disk galaxies using the Hubble classification
scheme (Schombert and Bothun 1988; Schombert et al. 1992; McGaugh 1992). Most
of the LSBs studied are dwarf irregulars and ellipticals discovered in clusters using
deep CCD images and photographic enhancement techniques like "Malinization"
(Malin 1978; 1988). While large numbers of these "dwarf" systems could provide
a significant contribution to the overall mass function of galaxies, as we discussed
in Chapter 2, they represent only part of the population of low surface brightness
galaxies.
One of the primary goals of this work was to determine the optical properties
of the LSBs giants. In this respect, the study differs from most earlier studies of
LSBs (Schombert and Bothun 1988; Schombert et al. 1992; Romanishin, Strom
and Strom 1983; Impey and Bothun 1989; McGaugh 1992; Hawarden et al. 1981;
Davies, Phillips, and Disney 1990; Evans, Davies, and Phillips 1990), which have
concentrated on samples selected by either their "optical surface brightness" or
their environment, with little regard (largely due to a lack of information) for how
representative the samples might be of LSBs in general, or what biases might be
present. Because LSBs are entirely as diverse as HSBs, it has been difficult to draw
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firm conclusions about where the LSBs fit in the overall scheme of things based on
these general studies. Our sample of galaxies is derived from objects with similar
sizes and atomic gas masses, and it demonstrates that LSB galaxies selected by the
important criteria are just as massive as their HSB counterparts.
Previous studies (Romanishin, Strom and Strom 1983; Schombert et al. 1990;
McGaugh 1992) have also determined that galaxies classified simply as LSBs span
the entire range oiB-V colors seen in HSB galaxies, but the LSBs have an excess of
galaxies with very blue colors, indicative of systems with young stellar populations,
and/or low reddening, and/or low metallicities. These blue colors, along with the
similarity of the light distribution in UBVRI images for a significant number of
LSBs (McGaugh 1992) argues against the suggestion (van der Hulst et al. 1987;
Schommer and Bothun 1983) that most LSBs are faded disks or galaxies with strong
episodic bursts in star formation. The relevance of this conclusion for all LSBs
remains unclear, however, given the range of properties seen. Is this result simply a
consequence of using a sample which is biased toward dwarf LSBs?
The little work done to date on the current rate of production of massive stars
(McGaugh 1992; Schombert et al. 1990; Bothun et al. 1990) indicates that most
LSBs have anemic Hii regions when compared with HSB disk galaxies, indicating
either a low current SFR or an unusual initial mass function (IMF). In contrast
to the HSBs, the Hii regions in most LSBs studied previously do not appear to
clearly delineate the spiral arms of the disk. The Hii regions in LSBs seem to
be dispersed throughout the disks, with a tendency to be located far from the
nucleus, in the outermost parts of the disks. However, some LSBs do have spiral
structure, and regions of significant ongoing massive star formation along the spiral
arms (McGaugh 1992; Bothun et al. 1990). Is there a difference between these
systems due to a difference in size and mass?
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The pioneering efforts of earlier studies of LSBs have resulted in a significant
increase in the amount of information gathered about their star formation histories.
As suggested previously, however, these studies have all suffered from a lack of
coherence in terms of the sample selected. In this chapter we explore the optical
morphologies of the LSBG class as a whole, and in comparison to other LSBs and
HSBs. We determine the azimuthally averaged surface brightness distribution and
radial color profiles for a large sample of LSBGs, and model the bulge and disk of
each galaxy to derive its central surface brightness and disk scale length. We then
compare these properties to the canonical values for HSBGs, and attempt to unravel
some of the mystery as to why these systems have such low surface brightnesses.
4.2 Optical Observations
The optical observations were made in 3 runs, 6-12 April 1991 and 26 September-
5 October 1991 using the 2.1 m telescope of the San Pedro Martir, Baja California,
Mexico, and 7-12 December 1991 using the 0.9 m telescope at Kitt Peak, Tucson,
Arizona. Of the 25 nights allocated for this project, CCD images could be taken on
14. A total of 76 galaxies were observed in B and R. Of the galaxies observed in B
and R, 56 are classified as LSBGs according to the selection criteria established in
Chapter 2, and 20 as HSBGs.
Table 4.1 lists the observed sample of LSBGs. Column 1 gives the galaxy name
where "U" indicates a galaxy from the UGC (Nilson 1973), and "F" indicates a
galaxy from the lists of Schombert and Bothun (1988) and Schombert et al. (1992).
Column 2 lists 1950.0 coordinates. Columns 3 and 4 give the optical major and
minor axis dimensions in arcminutes, and column 5 lists the optical blue magnitude
from UGC. Column 6 lists the face-on mean blue surface brightness in magarccsec"^,
and column 7 indicates which observing run the data was obtained on.
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Tabl
RA
(1950)
e 4.1. Properties of Observed Galaxies
DECGalaxy
m s
(1950)
o '
"
majax mmax mucc JiuGc
mag
mag
11-2
Observing
Run
UGC00334 003115.8 +311036 2.00 2.00 15.7 25.8
UGC00416 003658.8 +033933 1.40 1.10 16.0 25.6
UGC00566 005235.1 +312733 1.50 1.50 15.7 25.2
UGC00628 005812.1 +191230 2.30 1.80 17.0 27.2
UGC00785 011137.7 + 154000 1.10 0.80 15.2 24.0
UGC00962 012159.7 +012817 3.80 3.60 12.9 24.7
UGC01230 014244.8 +251617 2.30 2.30 17.0 27.4
UGC01455 015558.7 +243856 3.00 3.00 14.2 25.2
UGC01752 021330.0 +243920 1.70 1.70 16.5 26.3
UGC02238 024334.2 + 125310 1.80 1.10 15.2 25.4
UGC02241 024349.3 +032350 2.50 1.80 13.6 24.5
UGC02302 024633.0 +015506 6.00 6.00 15.3 27.8
UGC02664 031613.2 +403347 1.40 1.00 18.0 27.4
UGC02921 035736.0 +003620 1.50 1.50 17.0 26.5
UGC02965 040557.8 +025927 1.00 1.00 18.0 26.6
UGC02975 040757.5 +262906 1.40 1.30 17.0 26.3
UGC03059 042704.9 +033423 2.40 1.00 15.4 25.9
UGC03088 043041.0 +073607 1.30 .90 18.0 27.2
UGC03140 044020.1 +003135 2.10 2.10 13.6 23.8
UGC03/ /O 071228.0 +233100 1.30 .80 15.4 24.6
UGC03984 073953.8 +700913 2.10 1.00 14.2 24.7
T T /~\ A r\C\UGC04002 074203.9 +510546 1.30 0.50 17.0 25.2
UGC04058 074810.6 + 180532 1.10 1.10 16.5 25.3
UGC0412S 075556.3 +602533 1.80 1.10 13.9 24.1
UGC04219 080318.0 +391400 2.70 2.00 15.5 26.0
UGC04226 080354.0 +403300 2.10 1.50 15.2 25.1
UGC04256 080703.1 +340620 2.20 1.70 12.9 23.5
UGC04316 081503.0 +044555 1.60 1.50 15.4 25.1
UGC04344 081721.8 +210203 1.70 1.70 15.5 25.5
UGC04422 082446.7 +213840 3.20 2.80 13.9 25.3
UGC04570 084215.7 +280023 1.10 .90 16.5 25.1
UGC04713 085644.8 +524118 1.90 1.30 13.7 24.0
UGC04743 085928.2 + 170217 1.70 1.30 13.7 23.7
UGC04888 091327.0 +735807 3.90 1.80 12.0 23.8
UGC04936 091617.0 +641855 7.50 5.10 11.9 25.2
F564-2 090312.8 +171514 1.20
KP 12/91
SPM 10/91
SPM 10/91
KP 12/91
SPM 10/91
KP 12/91
KP 12/91
KP 12/91
SPM 10/91
SPM 10/91
KP 12/91
KP 12/91
SPM 10/91
KP 12/91
SPM 10/91
SPM 10/91
KP 12/91
SPM 10/91
KP 12/91
SPM 4/91
KP 12/91
KP 12/91
SPM 4/91
KP 12/91
KP 12/91
KP 12/91
KP 12/91
SPM 4/91
SPM 4/91
KP 12/91
SPM 4/91
KP 12/91
SPM 4/91
KP 12/91
KP 12/91
SPM 4/91
Continued, next page
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Galaxy RA
(1950)
h m s
DEC
(1950)
Table 4.1 (cont.)
majax mmax mucc Jlugc
mag
mag
11-2
Observing
Run
UGC05005 092138.8 +222922 1.60
UGC05284 094822.9 +043026 1.10
UGC05366 095643.4 +353757 2.40
UGC05437 100243.5 +274532 1.30
UGC05532 101239.3 +733902 4.70
UGC05604 101939 +462930 2.60
F568-9 102529.0 + 185155 1.50
UGC05750 103302.5 +211456 1.20
UGC05880 104355.4 + 140058 2.30
UGC05981 104926.1 + 102456 4.00
UGC06105 105929.4 +752313 1.60
UGC06287 111326.6 +241110 1.20
UGC06614 113639 + 172514 3.20
UGC06783 114621.7 +313458 1.10
F572-2 115310.8 + 181018 1.10
UGC06997 115817.3 +320917 1.10
UGC07641 122741.7 +374954 1.40
UGC08200 130435.7 +352357 1.50
UGC08253 130814.2 + 115824 1.60
F577-2 134952.2 + 173231 1.10
F578-2 135154.0 + 194002 1.10
F579-1 140928.5 +213654 1.00
UGC09614 145421.6 +094234 1.60
UGC09672 150025.7 +200117 1.60
UGC09680 150143.9 +185033 1.30
F582-2 153145.2 +215711 1.50
UGC10017 154321.8 +213438 1.20
UGC10313 161536.0 +314153 1.10
UGC10795 171610.7 +305844 1.60
UGC10908 173225.4 +502427 1.90
UGC10915 173451.0 +245106 1.20
F530-1 210521.5 +261500 1.00
F533-3 221453.3 +245748 1.40
UGC11977 221519.4 +330033 1.20
UGC11979 221605.7 +452730 2.00
UGC12343 230226.7 + 120308 4.40
UGC12388 230600.1 + 123329 1.80
UGC12511 231709.5 +095442 2.70
UGC12643 232858.9 +245538 1.40
UGC12881 235646.7 +042847 1.80
1.30 18.0 27.7 SPM 4/91
.90 16.5 25.3 SPM 4/91
2.20 14.8 25.3 KP 12/91
.40 17.0 26.2 SPM 4/91
4.00 11.3 23.3 KP 12/91
1.30 14.8 25.5 KP 12/91
SPM 4/91
.60 17.0 SPM 4/91
2.20 12.0 22.4 KP 12/91
3.60 13.6 25.1 KP 12/91
1.50 13.8 23.5 KP 12/91
.90 17.5 25.7 SPM 4/91
2.80 14.8 25.8 KP 12/91
.80 17.0 25.5 SPM 4/91
SPM 4/91
.90 15.5 24.3 SPM 4/91
.70 17.0 26.4 SPM 4/91
1.10 16.0 25.2 SPM 4/91
1.50 17.0 26.7 SPM 4/91
SPM 4/91
SPM 4/91
SPM 4/91
1.40 16.5 26.2 SPM 4/91
.90 17.0 26.7 SPM 4/91
.20 16.5 25.7 SPM 4/91
SPM 4/91
.60 17.0 26.0 SPM 4/91
.80 17.0 25.8 SPM 4/91
.90 17.0 26.7 SPM 10/91
.80 16.0 26.0 SPM 4/91
.80 17.0 26.0 SPM 4/91
SPM 10/91
SPM 10/91
.90 16.5 25.2 SPM 10/91
2.00 17.0 27.1 KP 12/91
3.40 11.7 23.5 KP 12/91
.70 16.0 25.9 SPM 10/91
2.20 14.9 25.7 KP 12/91
.60 16.5 25.9 SPM 10/91
.30 15.5 25.4 SPM 10/91
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4.2.1 San Pedro Martir Observations
The 2.1m telescope of the San Pedro Martir Observatory in Baja, Cahfornia,
Mexico, was used with a 384 x 576 Thompson CCD at a focal ratio of 7.5, yielding
a field of view of 2' x 3', and a plate scale of 0.33" pixel-^ The filters used were
standard Harris B and R. Standards were observed throughout the night at a
range of airmasses. The standards consisted of a combination of Landolt UBVRI
standards (Landolt 1983), and Kitt Peak standards (Barnes and Hayes 1984). Dark
frames were obtained and the dark count was found to be negligible. Bias frames
were taken and averaged together each night. During each run, bias frames were
obtained several times during a night to ensure that the bias count was constant over
time. A series of sky flats were taken through each filter both at dusk and at dawn,
when possible, and then each filter's flats were averaged together. Occasionally,
dust fell onto the CCD during the course of the night, and then the flats which best
subtracted the dust rings were used. In most cases, the dawn and dusk flats differed
by less than 1%.
4.2.2 Kitt Peak Observations
The 0.9 m telescope at Kitt Peak National Observatory was used with the T2K2
2048 X 2048 CCD at a focal ratio of 7.5, yielding a field of view of 23^2 x 23f2, and a
plate scale of 0.68" pixel" ^ Only the inner 1024 x 1024 pixels were actually used.
The filters used were standard Harris B and R. As with the San Pedro Martir data,
standards were observed throughout the night at a range of airmasses, and only
Landolt UBVRI standards (Landolt 1983) were used. The dark current for this
chip is < 4 e~/hr/pix. A series of biases was taken at the beginning of each night
and then averaged together.
For the first night of the Kitt Peak observing run, sky flats were obtained at
both dusk and dawn in the B and R filters. The only other night data was taken,
60
actually the last night of the run, dusk flats were not taken due to clouds, and dawn
flats were unobtainable due to an equipment breakdown, so dome flats were used to
flatten the R, and Ha data. Comparison with the sky flats taken the first night
showed that the R flats differed by ~ 1%, and the B flats by ~ 3%. The weather on
the second night was marginal, as indicated by the poor fit of the standards, and
very little data was actually acquired, so it was decided that the data would not be
used.
4.3 Data Reduction and Error Analysis
The data from San Pedro Martir and Kitt Peak were reduced using the data
reduction package IRAF. The San Pedro Martir software does not record things
such as the filter used, the exposure time, the airmass of the observation, and so
forth, so these values were input by hand. Biases were averaged and subtracted, and
sky flats were used to flat-field the data, except for the night of 12 December 1991,
when dome flats were used. For the San Pedro Martir data, there were usually
several exposures per filter. After de-biasing and flattening, the images for each
filter were shifted (using the IRAF routine IMSHIFT), and then summed (using
IMSUM). For the Kitt Peak data, there is only one exposure per filter, so this step
was unnecessary.
Standards were reduced using the IRAF routine PHOT and the surface pho-
tometry package ARCHANGEL (Schombert et al. 1992), which incorporates the
Galaxy Surface Photometry Package [GASP), written by M. Cawson of Steward
Observatory. The program I COLOR.F, is used to do a least squares linear regression
analysis to fit the relationship for the instrumental vs. real colors as well as the color
corrections terms for each filter. This follows the procedure of Harris (1981).
A key aspect of interpreting the optical properties of galaxies, or any object
observed using optical equipment, is understanding and properly quantifying the
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errors associated with the measurements. We have attempted to describe both the
random and the systematic errors we believe contribute to the uncertainties in the
measurments made for this study. Ideally, the measurement errors would simply
be described by the root-mean-square (RMS) noise associated with the photon-
counting statistics, and would average down over large areas as the square root of
the number of pixels. However, the RMS noise can be dominated by terms associated
with several systematic errors. One such source of error is the uncertainty in the
calibration of the standards, which adds an error in the determined value of the
integrated magnitudes, and subsequently the radial surface brightness and colors.
A second potential source of error arises in the uncertainty in the flattening of
the data. Below, we characterize each of the potentially important random and
systematic errors.
The observed pixel-to-pixel RMS, a^p, which is normally determined within the
area of blank-field boxes "randomly" placed about the image, can be expressed as:
^PV - \I^READNOISE + ^^Iky + (^SOURCE (4.1)
where ctreadnoise is the error due to the read noise in the CCD, osky and asource
are due to the ^TV statistical errors in the sky and source counts in each pixel, SKY
and SOURCE, respectively. In an ideal world, these would be the only sources of
error, and one could then reliably estimate the uncertainties in the measurements
knowing these three quantities. Unfortunately, we do not live in an ideal world, and
so we have attempted to test our data for the presence of systematic errors.
The variability in the SKY count levels within an image (its "flatness") was
determined by placing 20 to 30 boxes with dimensions 21 x 21 pixels all over the
image and surrounding the galaxy being studied in areas judged to be free of emission
from either stars or galaxies. The average sky counts determined from each box were
averaged together to determine a mean sky value as well as an error of the mean for
each sky box. For determinations of the sky noise, SOURCE is presumably zero
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since determinations are done by selecting areas of the image without any obvious
source of flux. The statistical photon-counting noise associated with each 21 x 21
box was in many cases clearly not the only source of noise, so that an attempt was
made to look for underlying systematic noise, such as ripples or large-scale slopes
associated with imperfect flattening.
Systematic errors such as those found in some of our images can be quite subtle
and difficult to quantify at the low surface brightness levels important for this study.
In order to search for these systematic effects, several images using each filter for
each night of observations were selected and examined in greater detail. The sky
noise was determined all over the image for a variety of box sizes, and then the error
in the mean of the sky noise was compared to the mean error expected strictly from
VNbox counting statistics, where Nbox is the number of pixels in a box. Some
representative results of these measurements are shown in Figure 4.1. We found that
in most images the error of the mean within larger boxes declined as expected, going
as ~ \J\INbox- However, some images deviated quite strongly from yJl/Nsox
improvement when the boxes became large, indicating that larger-scale variations
in the sky-level were present across the image.
If there are large-scale variations in the sky background corresponding to corre-
lated noise over a scale of many pixels, the effect on the data would be to artificially
enhance the flux in some regions of the image. If this noise has some characteristic
size scale then it should contribute a constant RMS noise to the error of the
mean until the sky boxes are larger than the size scale, when averaging over the
variations will lead to a ^Ji/Nbox improvement again. Figure 4.1 shows the results
from several images taken on our worst night of observing (the data was actually
not used), and the solid lines show how a constant additional error term (added
quadratically ) can model the additional error. We found that in our images, the
added RMS noise became apparent when averaging over boxes larger than ~10 x 10
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pixels, and the error remained present to the largest size we could make sky boxes
without any stars in them. This suggests that the flatness variations are on such a
large scale that they can be characterized as a gradient or slope across the image
being studied. As can be seen from the figure, even on this worst night, most of
the filters actually flattened quite well, as shown by their close agreement with the
yJl/Neox Hne, but the two that didn't can be quite well fit by ^const + I/Nbox-
We have determined the size of this flatness error term, ''afLAT:' for every image
based on the difference between the measured error of the mean and the expected
error just from pixel-to-pixel noise in our 21 x 21 pixel sky boxes:
(^FLAT = measured " Crpp/(21 X 21). (4.9)
where a^p is the pixel-to-pixel noise.
Once the error due to the overall non-flatness of the data has been characterized,
it is necessary to determine how that error contributes to the uncertainty in the
data. Since flattening of an image is actually a multiplicative procedure, the error
aff"ects not only the measured sky levels but the counts from the galaxy as well.
Note, therefore, that subtracting a sky background will not correct this error. The
practical consequence is an error associated with the true flux measured in the galaxy
which must be accounted for when determining the total integrated magnitude and
the magnitude in each annulus of a profile.
At least part of this error in determining magnitudes and colors will be offset
by the fact that the magnitudes and colors are calculated in azimuthally averaged
annuli, thereby at least partially cancelling out the the eff"ect of underestimating
the flux on one side of the galaxy and overestimating it on the other side. This
error would completely cancel after azimuthal averaging if the flattening gradient
were perfectly planar, except for the remaining uncertainty in the mean level at
the center of the galaxy. The flattening errors do appear to be due to large-scale
gradients, so that it should be possible to express the result of the flattening error
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Figure 4.1. The error in the mean of sky boxes of various sizes relative to the
pixel-to-pixel variations. The dotted lines represent actual data taken from the
worst night of observing for the various filters, while the solid lines represent the
ideal noise fall-off of ^Ji/Nbox and a fall-off when there is a constant additional
error term corresponding to a large-scale gradient across the galaxy being observed
due to an imperfectly flattened image, JctI^iat + ^I^box-
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as a simple scaling term. Since we typically measured ~ 25 boxes distributed fairly
symmetrically around the galaxy, the uncertainty in sky level at the center of the
galaxy should be about ap,,^/5. From internal and external comparisons of our
data, this appears to be a reasonable basis for estimating the effect of flattening
errors on azimuthally averaged flux measurements. This error was included in the
determination of the total uncertainty in the integrated and differential fluxes as a
multiplicative error following the prescription of Taylor (1982), such that
where Nsource is the number of pixels in the area of the source you are integrating
over.
A final source of systematic error is due to the overall uncertainty within the
calibration of the standard stars, Ustandard. This error can be described as the
dispersion of the standard stars about the fit between the absolute and instrumental
magnitudes, which is the sum of the dispersions of the color term fits. This error
was determined for each run, and then input into the final calculation of the errors
in the integrated and differential magnitudes, such that
C^magmtude = y^[-2.51og,o [^^f^^ ^ a^^M (4.4)
where Omagmtude cau correspond to either the as or an for integrated magnitudes
over the area of interest. The corresponding error in the integrated color terms is
simply
(^{B-R) = Vc^fi + (^R- (4.5)
This is probably a pessimistic estimate of the color errors since some of their errors
are probably correlated and hence cancel out. Finally, the surface brightness error
in one annul us can be expressed as
^SFB — ^maqmtudeINannulus (4.())
where Nannulus is the number of pixels in the annulus.
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Besides characterizing the errors as described above, it is useful to check the
consistency of our data with the results of previous work. The primary check to
the naagnitudes that were determined from our data was to compare our results
with the aperture photometry compiled in A General Catalogue of Photoelectric
Magnitudes and Colors in the U, B, V System of 3,578 Galaxies Brighter than
the 16th V-Magmtude (1936-1982) (Longo and de Vaucouleurs 1983, hereafter the
Texas Catalog). To compare our results with the Texas Catalog we observed several
well-studied HSB galaxies at both Kitt Peak and San Pedro Martir. We fit circular
apertures to the B CCD images, and compared the integrated B magnitudes with
those at apertures designated in the Texas Catalog. As can be seen in Figure 4.2,
on average our results agree quite well with the magnitudes listed in the Texas
Catalog. There is a discrepancy of up to 0.1 mags at both the small aperture and
large aperture end. For small apertures, we believe this is due largely to pointing
uncertainites in the Texas data. For large apertures, both the inclusion of stars in
the Texas data and the small size of the CCD chip for the Mexico data are likely to
contribute to the discrepancy. Perhaps the most appropriate choice for comparison
is for 20" < aperture < 120" In this region, as can be seen in Figure 4.3, the values
agree very well. In addition, we have checked our magnitudes by overlaying the total
magnitude and surface brightness radial plots for the two galaxies in our sample
which overlap with McGaugh (1992) and find that the profiles match to within
0.1 magnitudes.
4.4 Data Analysis
The image analysis was also done using ARCHANGEL, a surface photometry
package (Schombert et al. 1992), which is specifically written to perform surface
photometry on faint, extended objects. The data analysis proceeded in a series of
steps: First, the de-biased, flattened images in each band were shifted using the
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B(Texas)
Figure 4.2. The comparison of the magnitudes listed in the Texas Catalog with
those from our data set using circular apertures.
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mAF program IMSHIFT so that they lined up with the R image. Then the images
were examined to obtain sky values and to locate the approximate galaxy centers
in each filter. As described previously, sky noise was determined by using twenty to
twenty-five boxes of 21 x 21 pixels with a 3 a clip in areas free from contaminating
stars and the galaxy disk. The image with the highest signal-to-noise (usually the
/?-band image) was then used to make 2 masked images, the first masking out
only stars and background galaxies near the galaxy of interest, and the second also
masking out any H ii regions which might confuse the ellipse-fitting routine. This
masking was accomplished using the mAF program IMEDIT. The masks were then
applied to the other filters using the ARCHANGEL routine MASK. This routine
simply sets the masked pixels to a constant value which is recognized by the other
ARCHANGEL routines as data to ignore.
After the images were properly masked, the image with the highest signal-to-
noise (again, usually the /?-band image) was used to determine the elliptical surface
profile for the galaxy as a function of radius using the ARCHANGEL routine PROF.
In theory, this routine fits ellipses to the light distribution in each filter from the
center of the galaxy out. In practice, the R-h&nd image was chosen since the routine
works best with high signal-to-noise data, and there is generally very little difference
between the overall light distribution in R and B in the galaxies that were studied
here. A first iteration of PROF was run on each galaxy, and the resultant fitted
ellipses were then examined by eye superposed on the R image. Errant ellipses
(such as those crossing through other ellipses, or those obviously twisted towards an
incompletely masked star or H ii region) were edited out, and a outermost ellipse was
chosen which best-described the outer isophotes of the galaxy. PROF was then run
again, maintaining a fixed axis ratio and position angle matched to the outermost
ellipse, so that the integration could be continued well out beyond the optical disk
of the galaxy.
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The profiles determined from the T^-band data were then appHed to all the other
broadband filters, using the galaxy center and sky noise determined for each image
in each filter separately, to determine total integrated magnitudes, and to generate
radial color profiles. This step involved the ARCHANGEL routine ELCOLOR. The
integrated magnitude is estimated by summing the flux in all the unmasked pixels
within each radius, and then attempting to correct for missing flux from the masked
pixels by adding in an amount of flux that corresponds to the average flux per pixel
within that elliptical annular region multiplied by the number of masked pixels.
Occasionally this can result in a significant correction to the integrated magnitude,
up to 0.3 magnitudes for galaxies at low galactic latitudes or with a bright star
overlapping the galaxy. The radial profiles are azimuthally averaged, using the
semi-major axis, a, as the radius and two diff'erent color profiles were calculated.
The first is an integrated color profile, where the integrated color at each radius was
determined by summing it with the colors for interior radii. The second radial color
profile is a local radial color, where the azimuthally averaged color is determined
within an annular region.
The results of the data reduction of the B and R images are given in Table 4.2.
Column 1 lists the galaxy as in Table 4.1. Column 2 is the morphological type
as listed in UGC (Nilson 1973), Schombert and Bothun (1988), or Schombert e/, ul
(1992). Column 3 lists the derived disk color, B — R, determined between the //-rt(23)
and (J,r{2Q) isophotes. Generally the //fi(23) isophote is well outside the region of
the galaxy which is bulge-dominated, and the //k(26) isophote is the faintest reliable
isophote in the disk. Columns 4—7 present the radii and integrated B magnitudes.
Column 4 lists the major axis radius in arcseconds of the /zg(25) isophote, 025, and
column 5 lists the integrated blue magnitude at that radius, 525. Column 6 lists
the major axis radius in arcseconds of the /ig(26) isophote, a26, and column 7 lists
the integrated blue magnitude at that radius, B26-
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Table 4.2. Derived B Magnitudes and B - R Colors
Galaxy TvDe IB - R)
^25 DD25 D26
(DISK)
II
l^magj II (mag)
F53n-1 1 c: ni.oU zl.8 16.7 32.6 16.3
F5.3.3-3 i.Uo 2d.O 15.9 38.8 15.7
F564-2 OC[V) n onu.yu ZO. ( 16.7 41.7 16.5
1 on 0 1 A
zl.4 15.5 28.8 15.4
X kJ I Sep fi on 0 1 0oi.o lo.6 46.5 15.5
F^77-9 O D U.Oi 29.3 15.7 39.4 15.6
Fo7S-2X »^ 1 (J U.oo 0 1 721.
7
16.2 32.0 15.9
F579-1X 1 w/ X U.Oo Qn AoU.4 1 /I n14.9 34.4 14.9
F58'>-'>X ^ * i w 1 1
1
i.ii 00 Azy.u 16.7 35.1 16.4
TJGr;nn334 1 MXT T'TWell i 1 noi .uy 'id 100.
i
1 K n15.9 4( .8 15.5
Tjnr;r)n4i fi u. / 4 Oc: n ICO16.3 33.9 16.1
TiOGnn'Sfifi U.OD Qn Qoy.o ICO15.3 81.2 14.7
U Wd,l 1 n onu.yu Q 1 /Ioi.4 16.
U
41. / 15.8
TinrnriTs^ U.oo 07 oZ/.O l0.4 40.6 15.2
CJR K 1 oi oi.3 12.0 9( . < 12.7
wan 1 nol.Uo OO nzz.y 16.6 38.9 16.0
Tinrni 4.^^ 9 A RKr-0/A.DDC i.oo 04.
z
14. 77 7it. I 13. /
Tinnm 7'^'? 9 rij . . c 1 nQi.Uo 01 0 1 f; 9io.z K 1 704. / lo.o
Tjnr;n99'^«\J V_J V-^ w *-oo Trr? u.yo "^Q 9oy.z iO. i finou.o 1 1 o14.0
UGCO'^'^41 S h n Q9 ^9 8oz.o iO.O fi^ 900. Z 10 7io. /
UGC0230'^ M w;^ rfxy W di 1 48 8^0.0 1 4. 0 i i i .0 1 A n14.
U
UGGO'^664 l) rixy vv di i u.oo 04;. 1 1 fi fii U.U 9Do.z 1 K s10.0
UGCO'^Q'^l\_i \y Vyw v/ w X S nm• • VJ.iii 1 97 90 0zu.u 1 fi Qio.y 97 0z ( .U 1 fi fiID.D
1) WPl VJly w cLi i 1 19 iO.O 1 7 4i / .4 94 9z4.z 1 fi QiD.y
TIGGn'^q7n TV
... 1 1 "^91 .oz 1 8 '\iO.o 1 7 0 Zo. ( 1 fi 710. /
TiGrn^D'SQ SA rim i .00 00.0 1 0 7fi AI 0.4 1 1 Q14.
y
TIGCD^nSS\J \J \y\JO\JOO U W ClI. i n Q9 90 fizu.o 1 fi Q 90 ^ 1 fi10.0
TJOC03140 S r 1 in 5^9 7uZ. 1 1 '\ ^iO.U fi^ fi 1 4.10.4
TJGCn377n 1 rr n 78 "^4 9Ot.Z 14 1 701 u.o 1 710. (
SR hkJ XJ . u 1 IS fil 8 14 1 70 0 1 4 01 4 . U
TiGrn4nn9 S mij . . ILL 1 04 9Q 1 i O .U 41 fi 1 T 31 tj . o
rim 1 .uo 9^ 8zo.o 1 ^ 7 ^9 9tJZ.Z 1 4. 814.
0
UGC04128 S..C 1.18 43.5 14.2 50.3 14.1
UGC04219 S..b 1.12 35.1 15.3 59.9 14.9
UGC04226 S..C 1.02 42.7 14.7 51.7 14.5
UGC04256 S..C 0.92 54.8 13.1 61.7 13.0
UGC04316 SABdm 0.81 23.7 16.2 48.8 15.5
Continued, next page
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Table 4.2 (cont.) I
I
( -1 P ;^ vi/v_j (XIdA V Type It) r>\
^25
-^25 ^26 •^26
[VI bK)
(mag) (mag) (mag)
SA.dm 0.99 40.8 15.1 50.5 14.9
L ^01)4422 bABbc 1.03 79.6 13.1 94.1 13.0
T T/^ r^Ti/t KvnU 0(^1)40 (
U
SABdm 1.00 33.2 16.2 39.3 16.0
U LiUU4 / io c u 1.46 48.3 13.9 61.4 13.8
U LjUU4 / 4o C TD / ToBc/lrr 0.81 61.1 13.6 80.8 13.3
T TO coo cb..c 0.99 100.8 12.9 114.4 12.9
U 0(^1)4900 b..C 0.84 121.8 12.4 181.6 12.2
U (jOUoUUo Uwari 0.72 23.2 16.7 43.2 16.1
U(jiLL)5284 ...dm 1.07 21.6 16.1 32.7 15.8
S..C 0.99 60.9 13.6 73.2 13.5
U LiL/U54<j I O Jo..am 0.81 25.7 16.9 37.0 16.6
U LtUU00o2 c ub..bc 1.28 116.8 11.5 145.8 11.4
TTO Cr\tiC:c\AU LiUUodU4 b..c 0.99 63.6 14.3 74.1 14.2
CTD JbB.dm 0.65 32.6 16.5 41.1 16.2
T TO r^r\c,Z!Qc\ bB.c 1.03 68.6 12.2 81.4 12.2
TTOOnr;noiU UL-Uoybi b..c 0.96 74.4 13.1 95.9 13.0
c ub..b 1.11 36.6 14.3 45.2 14.2
T TO On^;oo7 Uwari 0.69 16.1 17.6 29.2 16.8
TTOOnt;/?! (1)00110014 C 9 1.21 37.8 14.8 53.1 14.6
TTO Onf;709 Uvvari 0. /4 19.2 16.8 31.3 16.4
TTO On^oo7 Uwari r\ or*0.88 27.8 15.7 33.1 15.6
TTO on7c 1
1
U VjL/U i D4i C T3 1bB.dm 0.79 30.7 16.2 44.8 15.9
TTOonoonn b..dm 0.56 30.7 15.6 41.2 15.4
TTO Onoo c o Uwari 0.75 27.8 16.7 43.6 15.9
TTO Onn^ 1 /t T^ CUwari 0.62 32.2 16.2 49.2 15.6
TTO OnA(?70 C ™b..m 0.79 22.3 17.0 32.2 16.6
UGCUybbU ...dm 1.31 29.0 17.6 40.5 17.2
T TO o 1 nn 1 7 Uwari 0.71 24.0 16.7 37.7 16.3
T TOo 1 no 1 Q cr)
or).dm 0. /4 20.9 16.5 30.9 16.3
TTOOi n7nc: Dwarf 0.78 29.4 17.2 46.6 16.6
T TOo 1 nnno oc/lrr 0.4/ 43. / 14.9 61.1 14. /
TTOOi nm c
.D.dm 0.90 2i .0 16.1 48. / 15.5
TTOOi 1 077 C A T3J™oArJam fl oi0.81 OA Cl24.9 lo.l A r\ o40.8 15. 1
TTOOi 1 Q7Q oD.m 1 1 9i.iO '1
1
41 .0 1 A 7 ^ 1 1 14.0
UGC12343 SBb 1.12 113.8 11.9 136.2 11.8
UGC12388 S..dm 0.85 51.0 15.3 61.8 15.1
UGC12511 S..C 0.84 65.8 13.9 84.2 13.7
UGC12643 SB.dm 0.73 21.0 16.5 29.7 16.3
UGC12881 S/Irr 1.19 48.9 15.1 64.1 15.0
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A final step in the analysis of the optical data was to determme the surface
brightness profiles in each filter, and fit a bulge and disk component to the az-
imuthally averaged profile to determine the central surface brightness and disk scale
length. This procedure used the ARCHANGEL routine PLASMAMIRL, which,
like ELCOLOR, uses the elliptical profiles fit for each galaxy usmg the R image to
determine an azimuthally averaged radial surface brightness profile.
Once extraneous points in the outer halo and cosmic-ray hits (identified as
points smaller than the seeing disk) were removed, surface brightness profiles were
fit to a four-parameter bulge and disk model following the procedure described in
Schombert and Bothun (1987). This profile is deconvolved into (1) an exponential
disk component of the form (de Vaucouleurs 1959)
S(r) = Eo X exp
(^^^ , (4 7)
where Eq is the central surface brightness, and a is the scale length of the disk, and
(2) a de Vaucouleurs r^/^ law (de Vaucouleurs 1948) bulge of the form
E(r) = Ee X exp {-7.67[{r/r^y/' - 1]) , (4.8)
mswhere Ee is the surface brightness of the bulge at the eff"ective radii
This fitting procedure provides an estimate of four quantities: the disk central
surface brightness and scale length, and the bulge effective surface brightness and
radius. The procedure is to first fit a region of a pure disk component to set the
limits for the algorithm. Any morphological features such as outer tidal structures
or an interior lens which might distort the fit are removed. A bulge is then fit to
the profile by a least-squares grid search method, while holding the disk parameters
constant. This allows a stable region of space to be located. After locating this
region, all four parameters are allowed to vary to produce a best fit (i.e., minimum
an
es
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Several of the galaxies classified as LSBGs could have the light distributions fit
solely by an exponential profile, i. c, these galaxies appear to be composed of a pure
disk. One example is UGC 2664. A second category of objects, however, have
incipient nucleus visible (e.g., UGC 3059). In a third category are many exampl
where the bulge was not a power law, but more of an exponential in shape and
could be not be properly fit by a two-component model, see for example UGC 1752,
Figure B.17. In cases of confusion, only a disk was fit. Finally, there exists a class of
galaxies with a "double disk", or lens and disk component (e. g., F 579-1, UGC 2302,
UGC 2975, UGC 3059, UGC 3984, UGC 4226, UGC 5604, UGC 9680). In these cases
only the inner disk and bulge are fit. The outer disk may or may not be a separate
dynamical component or perhaps a tidal feature.
The fits to these models are shown in Figures B.l to B.75, superposed on the
R radial profiles. The fitted parameters are listed in Table 4.3. Column 1 lists
the galaxy name as in Table 4.1. Columns 2-4 list the bulge parameter fits, where
applicable. Column 2 is the effective surface brightness, Ee, column 3 is the effective
radius, in arcseconds, and column 4 is the effective radius is kiloparsecs. Columns
5-7 list the fits to the disk parameters. Column 5 is the central surface brightness,
/io, column 6 is the disk scale length, a, in arcseconds, and column 7 is the disk
scale length in kiloparsecs. Column 8 identifies the galaxy as a "bulge-dominated"
galaxy (B), a "disk-dominated" galaxy (D), a galaxy with a "small bulge" (S), or
a galaxy which fits none of these categories (W). This classification is based on the
fits to the R surface brightness profile.
4.5 Results
4.5. 1 Morphology
The first result of the optical observations is immediately obvious from scanning
through the R images (see Appendix A). The LSBGs are morphologically a very
e 4.3. Derived Bulge and Disk Fits of Observed Galaxies
Galaxy y
('map- "-2^
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(" \
\ )
tie
(kpc) (mag "-2)
a
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(kpc)
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1 ooyj- i zU.iz 1.90 2.69 21.80 13.10 18.56 B
Zi.yo a onD.80 8.53 23.50 32.00 40.12 W
20.50 9.19 15.01 D
i. <juo y on CO 4.00 3.09 21.40 9.68 7.47 B
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F=i77 9
20.10 7.92 5.93 D
r 0 ( o-z 24.36 8.00 6.39 21.70 10.56 8.44 S
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U ^UUUoo4
U L3*^UU4iO 21.30 8.59 4.57 D
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TTPPn9Q7=;u o'^uzy (
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U Vjrl^UoUOy iy.D4 l.oU O.dO OA ^A20. /O Ar\ 420.64 9.53 s
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U UUUoi4U 22.80 33.71 14.86 vv
TTPPm77n
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TTPPmnO/iU <jL^Uoyo4 24. 7U on in30.10 11.76 20.50 23.04 9.00 s
TTPPn 1 nnoU 0^-1141)1)^ AA r\ rv20.90 10.72 6.04 D
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Table 4.3 (cont.)
Galaxv
UGC04570
UGC04713
UGC04743
UGC04888
UGC04936
UGC05005
UGC05284
UGC05366
UGC05437
UGC05532
UGC05604
UGC05750
UGC05880
UGC05981
UGC06105
UGC06287
UGC06614
UGC06997
UGC07641
UGC0S200
UGC08253
UGC09614
UGC09672
UGC096S0
UGC10017
UGC10313
UGC10795
UGC10908
UGC10915
UGC11977
UGC11979
UGC12343
UGC12388
UGC12511
UGC12643
UGC12SS1
V
(mag "-2)
R
i" )
rig
(kpc)
^0
('map-
Q Q
(kpc)
Type
22.70 19.80 12.24 W
20.49 90o.zy 20.30 15.36 13.54 B
9fi 94 44 1 n io.o4 20.70 18.10 6.50 B
20.50 34.51 8.08 vv
OA QQ yo. (
u
1 7 OC
1 / .25 22.20 60.50 10.79 B
22.40 14.41 5.21 D
22.00 12.58 5.96 D
1 Q 1 =iXJ.X'J 1 oni .zu O ten 20.60 19.59 9.71 S
21.60 9.81 5.97 D
1 Q 70 11 inil.iu O.20 19.70 30.62 8.82 B
OK HQ c^7 nno < .yU 28.58 21.60 38.76 19.13 VV
25 74 4 =in 1 7Q OO 1 A22.10 lo.46 6.11 S
19 38 9 90 0 fi9U.OZ 1 o nnlb. 90 1 rr oo15.82 4.48 s
^o.Oo /10oo. 4U O.OD 21.20 25.83 6.46 B
ID. 00 0 /1 nU.4U 0.2o 19.70 9.11 6.42 S
22. DO 9.63 5.78 D
1 Q 46 Q QOo.oU 9 no2.UU oo OA22.30 OO o22.63 13.75 B
25 55 7 1 n o.oZ O 1 1 A2i.40 11.00 O O 19.21 S
o 12i.D0 14.1)1 r o/^5.26 D
o 1 in21. iU y. /o 4.54 D
1 >^0 n c;7U.O / oo on22. oU lb. 00 5.25 B
94 Q =10y .tju 9 fiQZ.oo oo on2o.oU oo on23.39 b.97 B
oo on22. oO 1 o n/^12.96 ^ o ob.30 D
93 ^9 T 1 0O. iU 7 99 oo on OC oo00. 3o ol.oO B
oo 1 n22.10 1 1 en11.09 c no5.08 D
oi 7nZi. (0 O O KO.bO E O O5.88 D
o 1 nn 14.46 b.ol D
99 fi4 4 904.ZU 9 ,1 7Z.4 ( oo on22. 2U 1 c nnlb. 99 n nn9.99 VV
90 7"=; ^0O.OU 9 41 99 nn22. UU oo oo22. o2 n nn9.99 W
99 n 6.50 9.53 o 1 on21.80 in o10. 2o 11.49 TIT"VV
19.17 0.40 0.23 19.30 6.58 3.84 s
18.64 2.00 0.50 18.70 24.57 6.18 s
24.16 13.10 6.10 22.10 28.64 13.34 VV
24.07 23.30 8.49 21.30 24.82 9.05 s
21.20 7.36 5.17 D
24.03 23.80 9.30 19.90 12.96 5.06 D
as
e
77
inhomogenous group. As has been noted previously (Schombert and Bothun 1988,
Schombert et al. 1992, McGaugh 1992), the classification of a galaxy as low surface
brightness is no guarantee that it is also a late-type galaxy or a small dwarf eUiptical.
In fact, it can now be noted that even LSBs which are selected to be large and
gas-rich show an amazing variety of optical morphologies, at least as varied
the morphologies of large, gas-rich HSB disks. Present in the current sampl
are examples of galaxies with prominent bulges and clear, smooth spiral structure
such as F 568-9 and UGC4219 (see Figure A.2 and Figure A. 17), galaxies with
small bulges and fragmentary spiral structure, such as UGC 2975 and UGC1752
(see Figure A.13 and Figure A.9), and galaxies with central condensations, but no
obvious nuclei, and very irregular, patchy disks, such as UGC 10795 and UGC 628
(see Figure A. 34 and Figure A. 7). There are even galaxies with prominent bulges
and smooth, nearly featureless disks, such as Figures A. 12 and A. 14.
The sample of LSBG galaxies is given a range of spiral morphological classifica-
tions in the UGC (Nilson 1973) and the lists of Schombert and Bothun (1988) and
Schombert et al. (1992)—from galaxies that are classified tentatively as an Sa (e. g.,
UGC 6614) to dwarfs (e.g., UGC 10017). If, as is argued in Chapter 3, a critical
point in determining the evolutionary history of a galaxy is its encounters (or lack
thereof) with neighboring galaxies, then perhaps the isolation or non-isolation of a
galaxy plays a more important role in determining its optical surface brightness and
star formation history than the processes that shape the arms and other features
that determine the standard morphology of the system. Given the heterogeneity of
the LSBG sample studied here, it would appear that a wide variety of disk-evolution
scenarios are included in this sample. Perhaps, while LSBG galaxies represent
systems that are relatively isolated from near neighbors in general, the degree
of isolation in each specific case has played a role in an LSBGs' evolution and
corresponding optical morphology.
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As found m the earlier studies of LSBs, however, there does appear to be
a tendency for them to be classified as "late-type" spirals or dwarfs (Schombert
and Bothun 1988; Schombert et al 1992; McGaugh 1992; Schneider et al. 1990;
1992). Obviously not all galaxies that are classified as late-type should be classified
as dwarfs. Interestingly, nearly all the galaxies observed in this study from the
new POSS plates are spiral galaxies classified as Sb or Sc, even though most of
the galaxies included in the lists compiled by Schombert and Bothun (1988) and
Schombert et al. (1992) are classified as very late-type spirals or irregular galaxies.
Unfortunately, the sample is small (eight galaxies), so it is hard to determine if this
is a real difference at the lower surface brightnesses attained, or if the earlier-type
classifications are due to the better plate material.
In addition to the range in morphology, the optical images also illustrate quite
clearly the earlier argument (see Chapter 2) that these systems sulfer from severe se-
lection effects. Systems such as UGC 416 in Figure A. 6 or UGC 3088 in Figure A. 14
are quite likely to be misidentified as stars due to their small, stellar nuclei, and low
surface brightness disks that barely rise above the sky background. At the other
end of the spectrum, galaxies such as UGC 2664 have no apparent nucleus at all,
and only a few bright knots in their disks, and so could easily be mistaken as simply
a group of faint foreground stars.
A particularly instructive example of the problem faced in identifying LSBGs is
seen in Figures 4.4 and 4.5, which show UGC 566 as well as a projected neighbor,
UGC 567, which Nilson (1973) identifies as an SO. These galaxies have similar optical
extents in this stretch, yet the SO is easily identified as an extended object, while
the LSBG UGC 566 might be misidentified as a star against a slightly higher sky
background. In fact, in Figure 4.5, the stretch has been altered to depress the disk,
and the nucleus of UGC 566 is now indistinguishable from that of a star, or perhaps
an elliptical galaxy.
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Figure 4.4. The galaxy UGC 566 and it's apparent near neighbor, UGC 567. The
contrast in the image has been adjusted so that the low surface brightness disk of
UGC 566 is clearly visible. Note that the optical disks of both galaxies appear to
have a similar radial extent.
80
Figure 4.5. A second look at the galaxy UGC 566 and it's apparent near neighbor,
UGC 567. The contrast in the image has been adjusted so that the low surface
brightness disk of UGC 566 is now lost in the background. Note that UGC 567 is
still quite obviously an extended object, while UGC 566 could easily be mistaken
for a star or an elliptical galaxy.
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These figures clearly show how important both exposure time and a flat, low-
level image background can be. In fact, some of the LSBGs in the Zwicky et al.
(1960-1968) catalog are misclassified as ellipticals because only the bulges were
visible on the photographic plates.
4.5.2 Radial Surface Brightness
4.5.2.1 Radial Morphology
We attempt in this section to broadly group the HSBGs and the LSBGs, using
both their azimuthally averaged radial profiles and the R images. For each profile,
we have fit a bulge and disk component using a r'/" law for the bulge and an
exponential fit for the disk, as discussed in §4.4. We have then divided the galaxies
based on their radial profiles, the R images, and the success of the fitting procedure
at describing the surface brightness distribution.
We find that a significant fraction of the galaxies in this study can be fit with
an exponential light distribution alone (i.e., "pure" disks). At least 20% of the
galaxies in this study (F 572-2, F 577-2, UGC 416, UGC 628, UGC2664, UGC 2965,
UGC5005, UGC 5437, UGC 6287, UGC 6783, UGC 8200, UGC 9672, UGC 10017,
UGC 10313, UGC 10795, UGC 12643) have nearly pure exponential disks as seen in
their azimuthally averaged R radial profiles in Figures B.l to B.75. All of the pure
disk systems were originally selected as LSBGs and comprise 28% of the original
LSBG sample, and 31% of the "new" LSBGs. These galaxies have either extremely
small bulges, as is suggested in the profiles of F 577-2 and UGC 416, or no bulges
at all, although most do appear to have central light concentrations, and there are
small deviations from a "pure" exponential disk light distribution in galaxies such
as UGC 628 and UGC 12643. By comparing with the optical images (Figures A.l
to A. 38), it can be seen that most of these deviations are likely to be due to regions
of star formation.
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Some of the galaxies which are not "pure" disks in the LSBG sample can be fit
reasonably well by a simple bulge and disk component (F 578-2, UGC 566, UGC 962,
UGC 1230, UGC 1455, UGC 4058, UGC 4128, UGC 4219, UGC 4344, UGC 4936)'
See also UGC 5532, UGC 6105, UGC 10908, UGC 10915, UGC 11977, UGC 11979,
UGC 12388, UGC 12511. Often there are deviations due to azimuthally averaging
over spiral arms or optical bars. An example of such a "classical" disk galaxy
includes the high surface brightness system UGC 5532 (see Figure B.48), as well as
LSBGs like UGC 566 (see Figure B.ll.) Note that in general the fitting procedure
does a poor job of fitting the innermost pixels for galaxies with a clear bulge. This
IS largely due to the finite pixel size of the image and the seeing, which will tend to
spread the photons from the nucleus over several pixels. The majority of the well-fit
galaxies are high surface brightness. Most of the lower surface brightness galaxies
show significant deviations from a standard bulge and disk scenario. However, it
can equally accurately be stated that some of the HSBGs also show deviations. A
few of the broad categories of types of deviations that are seen are discussed below.
There are many exceptions to the systems which are well-described by a simple
bulge and disk fit. Some galaxies have profiles that involve more than two compo-
nents, as mentioned in §4.4. One such exception is galaxies which appear to have two
disk components, or a "lens" and disk component. This is a very broad category of
disk systems, and even within this category, there is evidence for subclasses. There
are systems which have an essentially constant surface brightness inner disk and a
much fainter exponential outer disk. Other systems appear to consist entirely of two
exponential disks. Another set of galaxies have no obvious bulge, or an insipient
bulge, but do have a non-exponential inner concentration of light surrounded by an
exponential disk. And, of course, there are systems which don't fit well in any of
the above categories. As noted in the optical morphology section, it is remarakable
what a variety of galaxies is seen given the fairly narrow selection criteria!
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One small subset of galaxies appears to have two very distinct disk components,
one a "high" surface brightness inner region, and the other a "low" surface brightness
exponential outer disk (UGC 1455, UGC4422, UGC 6614, UGC 11979). For in-
stance, UGC 6614 is not well fit by a simple two-component model (see Figure B.55).
This is not surprising, given the optical image of UGC 6614 in Figure A.28, where
there is clearly a higher surface brightness inner disk or "lens" and a very low
surface brightness outer disk. In Figure B.55 the inner disk, which extends from
about 15" to 35" (9 kpc to 21 kpc at the distance of UGC 6614) has a nearly
constant surface brightness of fx^ = 23magarcsec-2. Interestingly, the two regions
are separated by a ring of H ii regions (McGaugh 1992). Another example of this
type of system is UGC 4422, which has a bar, unlike UGC 6614, and a clearly
delineated outer spiral arm, but again has an inner disk with a nearly constant
surface brightness {/xr ~ 22 mag arcsec-^) surrounded by a ring of star formation.
The effect is not always so obvious in the optical images, however. The galaxy
UGC 11979 also has an inner disk with a nearly constant surface brightness
(
Figure A. 36) and an exponential lower surface brightness outer disk, although tl
radial profile appears to be adequately fit by a bulge and disk. In fact, caution is
required when identifying galaxies purely by azimuthally averaged profiles. Systems
such as F 582-2 (see Figure B.9) and F 611-1 (McGaugh 1992) have radially averaged
profiles which closely resemble the lens-disk system discussed here, yet which optical
images show simply have a group of Hii regions in one region of the disk which in
the azimuthal averaging are smoothed out to produce the effect of a constant surface
brightness inner disk or lens.
In addition to the galaxies with inner disks with "constant" R surface brightness,
there are other galaxies which are not easily separated into a bulge and disk compo-
nent. There are a large number of galaxies such as UGC 4226 (see Figure B.34) and
UGC 3984 (see Figure B.29) that appear to have a bulge and tivo disk components,
see
le
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each fit by a separate exponential fall-off. The inner disks of some of these systems
have a much slower fall-off in R surface brightness than the outer disks (F 579-1,
UGC3984, UGC4226, UGC4256, UGC4888, UGC 5366, UGC5604, UGC 5750,
UGC 6997, UGC 9614, UGC 9680). Potentially, some of the sharp drop in the outer
regions of these systems may be due to uncertainties in the sky. In particular, as can
be seen in Figures B.29, B.42, B.46, B.49, and B.57, often the beginning of the steep
fall-off corresponds suspiciously well to an upturn in B-R color and a large increase
in the systematic errors for the colors. Thus, the inner regions of these systems were
used to fit for the disk scale length and disk central surface brightness. In some
cases, such as UGC 5604 (see Figure B.49) the fall-off has a very shallow slope, and
using this inner disk to find the central surface brightness produces very large disk
scale lengths. In fact, fitting the inner disk of UGC 5604 yields a disk scale length
of cv = 19kpc, which would place it among the largest disk scale lengths known. A
fit to the outer disk would produce a much steeper slope, and thus a much smaller
disk scale length, but yield a unrealistic value for the central surface brightness. In
another example, UGC 9680 (see Figure B.63), fitting an exponential to the inner
disk yields a disk scale length of q = 52kpc, which would place it second only
to Malinl. The fall-off inner disk of UGC 9680 is so slow that it could also be
categorized as a "lens" system, as described above. Deeper imaging is needed to
determine if the apparent outer disk does actually decline at a steeper rate, or is
the decrease is an artifact of background errors.
Some of the galaxies which apparently have a bulge and/or two disks (or a disk
and a "lens") could perhaps best be described as an inner lens and an extended faint
outer disk, and where the inner lens has a steeper fall-off (F 533-3, F 564-2, F 582-
2, UGC 785, UGC 1752, UGC 2238, UGC 2241, UGC 2302, UGC 2921, UGC 2975,
UGC 3059, UGC 3088, UGC 3140, UGC 4002, UGC 4422, UGC 4743, UGC 4713,
UGC 5284, UGC 5880, UGC 5981, UGC 6614, UGC 8253, UGC 12343, UGC 12881).
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For example, Figure B.17 and Figure B.26 both show this behavior. In a few of
these cases, such as UGC 3088, there appear to be only the lens and disk (or two
disks, since the profile could be fit by an exponential). No bulge, or only an insipient
bulge, is seen in the radial distribution of Hght. Some of the "lenses" show structure,
such as bumps or areas of flattening usually near the central regions of the galaxy.
Examination of the optical images indicates these deviations correspond to regions
where the radial distribution has crossed spiral arms, a bar, oval distortion, or ring.
Already discussed were the few galaxies like UGC 6614, where the flattening of
the radial profile is associated with a higher surface brightness inner disk which is
surrounded by a ring of star forming regions. Similar features in the radial profiles
have been noticed in previous work on spiral galaxies (Boroson 1981; Whitmore and
Kirshner 1981; Romanishin, Strom and Strom 1983; McGaugh 1992).
Finally, there are the galaxies which do not fit well in any of the previous
categories. The galaxy F 530-1 has a light distribution which is steeper than the fit
distribution near the center of the galaxy and falls more slowly in the "lens" area.
Optically, this galaxy resembles a ring galaxy, with arms which close on each other
(see Figure A.l). UGC 4316, on the other hand, does exactly the opposite, as seen in
Figure B.36, with a less steeply declining center and a "dip" in the brightness profile
of the disk. Optically, (Figure A. 19) has an inner "lens," then a region with almost
no emission, and a very faint outer ring of Hii regions. The galaxy UGC 4570 has
characteristics of both the galaxies with an inner lens and those with an outer disk
with a sharp drop-off (see Figure B.39). The R image indicates a very asymmetric
disk distribution which may be due to the influence of a possible neighbor to the
southwest of the galaxy. Finally, UGC 7641 has a "pure" disk distribution with a
significant depression where the inner disk or "lens" is located for many systems
(Figure B.58). This galaxy also has a very asymmetric light distribution in the disk
(Figure A. 30), with an arm or possible tidal tail extending to the southeast of the
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galaxy. This may also be induced by a near neighbor, but the image frame is too
small to tell.
Most of the galaxies in the original LSBG sample have R surface brightnesses
ranging from ~ 20magarcsec-2 m the center to ~ 26 mag arcsec'^ before the
galaxy is lost in the sky noise. The HSBG sample, on the other hand, usually has R
surface brightnesses ranging about 2magarcsec-2 brighter, although some do have
disks which extend to ~ 26 mag arcsec-^ before they are lost in the sky noise. The
HSBGs, as mentioned earher, generally are better fit by a standard two-component
bulge and disk model than are the LSBGs.
4.5.2.2 Central Surface Brightnesses and Disk Scale Lengths
For the galaxies with two apparent disks or a lens and disk, we have fit an
exponential to the disk component which we feel gives the most accurate description
of the disk central surface brightness and disk scale length. For most of the systems,
this means that any extra component which appeared to be an interior lens or a
very steep outer disk drop-off was not included in the fit.
The giant, massive galaxies used in this sample in general have large disk scale
lengths, as can be seen in Figure 4.6. This figure shows a histogram of the disk
scale length of all the LSBG and HSBG galaxies in the sample. The mean disk
scale length for the sample is a = 10.1 ± 7.9 kpc, where the error represents the
standard deviation. Since the galaxies were chosen to be big, at some level this is
not surprising. However, well-studied galaxies, even including bright large galaxies,
generally have disk scale lengths between 3 and 6 kpc (Freeman 1970; Schweizer
1976; Boroson 1981; Romanishin, Strom, and Strom 1983; McGaugh 1992). Thus,
the galaxies in this sample do have disk scale lengths that are at least a factor of 2
larger than previously studied galaxies. Furthermore, among the sample of galaxies
are a significant number of systems which have among the largest known disk scale
87
1 \ r "1 r
30
20
10
0
0
J L
20
I I I
I I I I
I—
i
—
I
40
Disk Scale Length (kpc)
Figure 4.6. A histogram of the disk scale lengths fit using an exponential disk for
the entire sample of LSBGs and HSBGs.
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lengths. For example, UGC9680 has a disk scale length of 52kpc, which places it
second only to Malin 1. Some caution must be used when comparing the disk scale
lengths for the galaxies in the current sample, which have been measured in and
galaxies in most previous studies, which have been measured in B. For th(> galaxies
in this sample the B and R profiles are similar in the region of interest {B - R for
disks is on average ~ 1), moreover most of the galaxies do get bluer as a function
of radius, which implies that the blue emission is dropping somewhat more slowly
t han the red emission, so that the disk scale lengths in B should also be similar or
larger than our values.
We have two galaxies in the current sample which are also included in the study
of LSBs done by McGaugh (1992), UGC 1230 and UGC6614. We have compared
the derived scale lengths lor these galaxies after shifting the data of McGaugh to
the same distance scale. Although McGaugh fit his disks using the B radial light
distribution, for both of the galaxies in common, the. B~R gradient is small over the
region of interest. For the galaxy UGC 1230, McGaugh derived a disk scale length
of a - 6.0 kpc in B, while we have derived a disk scale length of a = 6.75 kpc in
liven a modest color gradient (A(5 — /?) ~ 0.2), the agre(;ment is (iniic good.
McGaugh describes this galaxy as a "pure" disk. We find, however, that we are
better able to match the innermost points of the galaxy if a small bulge component
is included. For the galaxy UGC 6614, on the other hand, McGaugh derived a disk
scale length of a = 23.8 ki)c in /?, while we have derived a disk scale length of
a = 13.75 kpc in R. One reason for the difference in the derived parameters is that
McGaugh had a smaller chip, and as he noted, UGC 6614 extends past the (>nd of his
image. We have fit the disk component using data that is not included in McGaugh's
image. Furthermore, McGaugh only fit exponential disks to his data, and we find
a better fit to the overall light distribution for UGC 6614 if the disk has a slightly
steeper slope and a well-fit bulge. There is a color gradient oi B — 0.5 mag in the
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region used to fit the exponential disk, however this gradient only emphasizes the
difference between the two fits, since it would be expected that the R distribution
is falling more steeply than the B distribution.
Figure 4.7 shows the distribution of central surface brightnesses for the entire
sample based on the disk fitting procedure. We see that the sample spans a wide
range of central surface brightnesses, and that the mean central surface brightness
is < ^io{R) >= 21.4 mag arcsec-2. If we then use the mean disk color derived for
our sample, < B - R >= 0.98 (see below), we find the the mean blue central
surface brightness is < //o(5) 22.4 mag arcsec-^, which is nearly 3(7 away
from the canonical value of < ^o(5) 21.65 mag arcsec'^, which was found by
Freeman (1970). For the HSBGs, < MR) >= 20.7 mag arcsec-^ corresponding
to < fXo{B) >= 21.7 mag arcsec-2, in very good agreement with Freeman's re-
sults. The LSBGs, on the other hand, have a mean central surface brightness of
< fio{R) >= 21.8 mag arcsec-2, which gives < iio{B) >= 22.8 mag arcsec'^, nearly
4cr from Freeman's "standard" disk central surface brightness. McGaugh (1992)
found a similar result for the LSB sample in his study, although most of those
galaxies were dwarf systems. Thus, large disk galaxies occupy a much larger range
of disk surface brightnesses than was previously thought.
4.5.3 B -R Colors
B — R colors have been determined for the azimuthally averaged radial distribu-
tion of optical light for all of the galaxies in this study except UGC 334, which had
a satellite pass across the center of the galaxy in the R image. We find that most of
the galaxies in this sample, including both HSBGs and LSBGs, have color gradients
in their disks in the sense that the disks become bluer with increasing radius. We
also find that the sample of giant, massive galaxies has an average disk color which
is bluer than that found for spiral disks (Bothun et at. 1985).
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In general, the oi B - R colors for the galaxies in the LSBG and HSBG samples
decrease (become bluer) with mcreasmg radius. Most of the galaxies have central
colors which are typical for ellipticals and the bulges of spirals {B - R ^ 1.6-1.8,
Bothun et al. 1985). Even some of the "pure" disk systems, such as F 572-2 (see
Figure B.5) have red central colors.
The "pure" disk systems appear to have bluer disks, on average, than the rest of
the sample. The average disk color for the pure disk systems is B-R = 0.749±0.166,
as opposed to the entire sample, which has average disk colors oi B ~ R = 0.984 ±
0.210, or the disks which have a bulge component, whose average disk color is
B - R ^ 1.045 ± 0.286. It is important to recall that these are the mean disk
colors, as measured in an annulus between the fi23{R) and ^26{R) isophotes. The
^23(/?) isophote is generally far enough outside the center of the galaxy that this
measurement is "clean" of the bulge. It appears that galaxies with a bulge have
redder disks, on average, than do galaxies with pure disks; however, even the "red"
disks are on average bluer than the standard value, B - R = 1.25, for spiral disks
(Bothun et al. 1987). This tendency for blue disks has been noted in previous
studies of low surface brightness galaxies (Schombert et al. 1990; McGaugh 1992).
Not only are the "pure" disks bluer on average than galaxies with a bulge
component, but there also appears to be a dependence of mean disk color and mean
blue surface brightness on morphological type. In Figure 4.8 we have plotted the
mean B — R disk color versus the mean blue surface brightness of the galaxy inside
li{B) — 26magarcsec~^ isophote. The different point types refer to the different
morphological types (from UGC and Schombert et al. 1992), and we have grouped
together (1) Sa's and Sb's, (2) Sc's and irregulars, (3) Sdm's and Sm's, and (4)
all "dwarf" galaxies. We see two things in this graph. First, there is a tendency
for early-type galaxies to have higher mean blue surface brightnesses than late-type
galaxies, although there is a lot of scatter. This is not surprising, since early-type
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galaxies have large, bright bulges which are likely to contribute a significant amount
of flux to the "mean^' surface brightness. The second point which can be seen in
this graph is that there is a slight tendancy for the late-type galaxies to be bluer
than early-type galaxies within the disk. It has previously been noted that late-type
galaxies have bluer colors than early-type galaxies (Bothun et al. 1985) but this has
usually been attributed to the contribution of red light from the bulge of early-type
galaxies. This graph shows that even in the disk itself, late-type galaxies are bluer
than early-type galaxies.
In addition to the morphological type dependence on the mean disk color, but
there is are significant B -R gradients within the disks of many of these galaxies.
Color gradients of up to ~ 1 mag are seen. A histogram of the differential col
gradient in the disks, measured as the change in 7? as a function of the logarithm
(base 10) of the radius, is shown in figure 4.9. As is seen in the figure, most galaxies
do show a color gradient. There is no significant difference between the mean
gradients for the two samples. The mean gradient for the HSBGs is -0.58 ± 0.22,
while it is -0.63 ± 0.36 for the LSBGs. Pure disk systems have a mean gradient of
-0.51 ± 0.31, so while the pure disk systems are bluer on average than both other
LSBGs and HSBGs, the color gradient within disks is comparable.
A color gradient in the disks of spiral galaxies has been previously noted by
Schweizer (1976). He attributed the gradient to an increase in arm amplitude with
radius. However, most LSBGs have ill-defined spiral arms, at best. The pure disk
systems show no clear evidence of spiral structure in either B or R, yet they have
comparable gradients to LSBGs with bulges and HSBGs. It seems more likely, at
least in the case of LSBGs, that the color gradient is largely due to a change in
metallicity of the disks with radius. If this is true, the average change in metallicity
in these systems is quite large. The models of Arimoto and Yoshii (1986) predict that
A{B-R)/A{Fe/H) = -0.19, which would then suggest that A(Fe/7/)/A(logr) ~
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A(B-R)/A(log(r))
Figure 4.9. A histogram of the color gradient in the disks of LSBGs and HSBGs.
The gradient is shown as the change m B — R color as a function of the base 10
logarithm of the radius.
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3.1. Abundance gradients for the disks of spirals have been reported (cf. Pagel and
Edmunds 1981, and references therein), with a trend toward lower metallicities in the
outer regions of the disks. Even in the most extreme case, A(Fe///)/A(log r) ^ 1.
Pagel and Edmunds (1981) suggest that the color gradient of globular clusters in
the galaxy halo is A{Fe/H)/A{\ogr) ~ 1.6. Therefore, if the disk color gradient
in the current sample of galaxies is due to a change in the metallicity, the giant
disk systems, whether they are low surface brightness or not, have a much larger
metallicity gradient than is seen in "typical" spiral galaxies, or the halo of our own
Galaxy.
4.6 Discussion
4.6.1 Star Formation Histories
Despite selecting a sample of galaxies with similar physical properties, we have
determined that these systems show a wide variety of both optical appearance and
radial light distributions. The variety has been noted before by McGaugh (1992),
however, his sample was selected strictly based on surface brightness so that any
physical correlation between light distribution and physical parameters was likely
to be difficult to isolate. Even with the current sample, this remains true, since so
much morphological variety is seen among galaxies which do have similar physical
properties. Perhaps the local environment of galaxies is playing a significant role
in the optical appearance of galaxies at an even more basic level. As was seen in
Chapter 3, LSBGs have a strong affinity for living in locally isolated regions of the
universe (although not all do, see Knezek and Schombert 1993; Bothun et al. 1993).
Related to the preference for LSBGs to be found in relative solitude is the question
of how many encounters of any type an LSBG may have undergone. One possible
explanation for the optical variety seen is that at some level the optical appearance
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of a galaxy is driven by the star formation induced through gravitational encounters
with other galaxies.
A second potential explanation for the variety seen in LSBGs lies in the initial
forniation of galaxies, and their corresponding stellar evolution. A significant frac-
tion (~ 30%) of the LSBGs have very small bulges, if any bulge at all. If our current
understanding of the formation of our own galaxy is correct, then these disk systems
must have undergone a very different history of galaxy formation. One key to the
determination of the viability of this theory is measuring the metal abundances in
the LSBGs. McGaugh (1992) derived abundances for a number of LSB systems, and
found that, on average, the H ii regions in the.se galaxies have abundances which
are ~ 30% solar. If this number is applicable to LSBGs as well, and the disk color
gradient is, in fact, due to a drop in the metallicity of the disk, then the outer regions
of the LSBGs may have undergone almost no chemical enrichment at all.
Even attributing the overall blueness of these giant systems to low metallic-
ities and the color gradient to a change in metallicity, this cannot be the whole
l>icture. Reed's (1985) photometric study of low metallicity globular clusters gives
and average color for these clusters oi < B ~ R >= 1.16. This represents a range
of low metallicity globular clusters, presumably with the bluer colors representing
the younger clusters. This average is still redder than the LSBG sample overall,
and much too red for the pure disk systems. Comparison of our data to models of
the evolution of single burst stellar populations with varying ages and metallicities,
assuming a standard IMF (Worthey 1992), yields a similar disagreement. If we
assume metallicities of 30% solar and an age typical for globular clusters, 12 x 10''^
years, the resultant color \s B — R = 1.43. If we assume the most extreme case,
where the metallicity is 1% solar and the age is only 8 x 10^ years, the modelled
color IS B — R = 1.04. While this is consistent with our average disk color for the
sample as a whole, it is still too red for the pure disk systems.
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One possible explanation for the part, of the blue colors is if the IMF in the
LSBGs, especially the pure disk systems, is unusual, and tluMe is an excess of
high mass star formation. As was discussed earlier, however, the- LSBCs hav,-
f<'w 11 H regions which would be expected to accompany the formation of massive
stars (although most LSBGs do have some Hii regions). i'^nthern.or,<, lUv little
work that has been done to date on the metallicities of LSBCls (McOaugh 1992)
indicates that there has been little chemical enrichment such as would be expected
from a top-heavy 1M1'\ Thus it is difficult to reconcile the B - R color and optical
morphology of these systems with either an extnMucly metal-poor single burst nu.dle
of star formation, or with an unusual IMF saMiario. The true situation nuist !><> more
complex, aiul if the variety of optical morphologies is any indication, it is unlikely
<
hat there is a single star formation model which will be able to adequately describe
all these giant disk galaxies.
4.6.2 ( 'onipurisot] to ilic lUihUlc Sequence
Th(> morphological variety seen among a sample (;f disk galaxies chosen larg<>ly
by their physical properties—size, gas mass, and average amount of optical light
p<>r unit area,
-indicates once again that while th(> Hubble Sequence may provid(>
a useful guide for th(> classification of galaxies (Chapter I), its physical basis is
not at all clear. Dilferences among Hubble types using HSB samples have been
noted, e.^., Roberts (I !)()!)) who determined that the ratio of Hi nuxss to total bine
biiuinosity of s|)iraJ galaxies, M(ll I )/bn, increased by a factor of ~ T) from Sa's to
Scd's. This result was conlirmcd by Young and Knezek (15)89). Rubin d al. (I9S.''))
noted a dilference in the peak rotation velocity of <lifferent disk galaxies, as well as a
corresponding difference in the dynamical mass. Young and K'luv-ek (l!)(S9), Verter
(1987) and Young, Scovill(> and Hraxly (l!)8r)) noted a difference in the average
ll^/H I iind !V1(II'2)/Fn ratios among disk galaxies as a function of Hubble type. As
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was already discussed in Chapter 3, the LSBGs have very high atomic gas to blue
luminosity ratios when compared to all disk galaxies along the Hubble sequence, yet
they have atomic gas mass to dynamical mass ratios which are comparable to those
of late-type disk systems. As will be seen in Chapter 5, the implied H,/Hi ratios
for LSBGs are also comparable to late-type disk systems, indicating that perhaps
there is a place for them along the Hubble sequence.
However, the gas and total mass properties of disk galaxies are not the only
things which may have a morphological dependence. Moreover, many authors have
also argued for a morphological type dependence on the massive star formation
rate, as measured by the Ha equivalent width and the far-infrared emission, in
spiral galaxies (cf. Kennicutt and Kent 1983; Trinchieri, Fabbiano, and Bandiera
1989). Caldwell et al. (1991) compared the star formation in Sa and Sc galaxies and
concluded that there was no clear evidence that the IMF for early-type galaxies is
any different from that found in late-type galaxies. They did find that Sa galaxies
have H II regions, but concluded that these regions are generally less luminous in Ha
than Hii regions in late-type galaxies, and that there are fewer bright Hii regions
in early-type galaxies than late-type galaxies whether the number is normalized by
blue luminosity or disk area of the galaxy. They also determined that the ratio of
current star formation rate to past star formation rate is much higher in late-type
galaxies, implying that early-type galaxies formed stars much more actively in the
past. They suggest that a potential explanation for the change in star formation rate
is that the gas surface densities in early-type galaxies have largely fallen below the
critical threshold for star formation. McGaugh (1992) also found that dwarf LSB
galaxies were depleted in luminous Hii regions relative to their total blue luminosity
or disk area, and attributed this paucity to gas surface densities below the threshold
density.
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Although we lack Ha images for most of our sample of galaxies, morphological
appearance in B images would suggest that LSBGs also have few luminous II ii
regions, whether normalized by the total blue luminosity or by the disk area, similar
to early-type disk systems. In addition, as will be further discussed in Chapter 5,
LSBGs on average have lower FIR luminosities and dust masses than late-type
disk systems and HSBGs, and once again resemble the early-type disk galaxies in
this respect. Thus, based on their star formation properties, the LSBGs fall more
naturally in the class of early-type disk systems.
When the LSBGs are compared with disk galaxies that have been catergorized
based on their optical morphological appearance using the Hubble sequence, an
immediate conundrum arises. If the comparison is strictly based on gas and total
masses, and their ratios, LSBGs compare more favorably with late-type disk systems.
If only their star formation properties are compared, LSBGs more closely resemble
early-type disk systems. A combination of the two, along with the knowledge that
the LSBGs themselves show an enormous variety of optical morphology, confirms the
notion that if all disk galaxies are sample, the Hubble sequence no longer provides
an adequate model for the segregation of different types.
4.7 Summary
We find in this sample of galaxies that the LSBG galaxies show a variety of
optical morphologies despite their similar and extreme physical gas masses and
sizes. These morphologies range from galaxies with large bulges and low surface
brightness disks with smooth arms to galaxies which have little or no apparent
bulge at all and only patchy disks lacking spiral structure. The LSBGs and IISBGs
also show a wide variety of azimuthally averaged light distributions, but the HSBGs
have a higher tendancy to have a ''normal" disk light distribution well-fit by an r'/''
law bulge and and exponential disk. Many of the LSBGs show significant deviations
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from this "normal" light distribution in the form of "pure" disks (no apparent bulge
component), interior lens or second disks, or even more complicated distributions.
The entire sample of giant disk galaxies has, on average, bluer disk colors than
have been found in previous studies, with <:B-R>= 0.98 versus < B-R>= 1.25
for late-type spiral galaxies. The "pure" disk galaxies have the bluest average disk
colors of all, with < B - R >= 0.749. These blue disk colors repudiate the theory
that low surface brightness galaxies are "faded disks". This is also reflected in the
fact that LSBGs which have been classified as "late-type" or dwarf galaxies have
bluer colors, on average, than do LSBGs with an "early-type" classification. The
blueness is difficult to attribute simply to metaUicity, but an IMF skewed to high
mass stars seems even more unlikely.
The LSBGs have B- R color gradients in their disks in the sense that the disks
get bluer with distance from the center of the galaxy. This gradient can be as much
as 1 magnitude over the optical disk, with an average change of ~ 0.5 magnitudes.
No difference is seen in the mean gradient of the HSBGs and the LSBGs. The
gradient may be largely due to a decrease in metallicity from the inner to the outer
regions of the galaxies.
The sample of HSBGs and LSBGs has an average disk scale length of a =
10.1 ±7. 9— which is at least a factor of two larger than that found in previous studies
of other classes of disk galaxies. Furthermore, among the sample of giant galaxies are
several galaxies with disk scale lengths that are among the most extreme known.
UGC 9680 has a disk scale length which places it second only to Malinl. There
does appear to be a relationship between disk scale length and disk central surface
brightness in the sense that there is a limit to the disk central surface brightness for
each disk scale length, and no galaxies with high central surface brightnesses have
extremely large disk scale lengths. It is very difficult to imagine that this cut-off
could be the result of selection effects, suggesting this is a physical limit.
Chapter 5
MOLECULAR GAS AND DUST PROPERTIES
OF LOW SURFACE BRIGHTNESS GIANT
GALAXIES
5.1 Introduction
The galaxies selected for this study are known to have copious quantities of
atomic hydrogen. It is also apparent for most of our sample, from their extremely
low optical surface brightness, that they must have undergone a very different
star formation history than that of the high surface brightness galaxies. From
observations in our own Galaxy, it appears that star formation takes place solely in
molecular gas clouds. No case of star formation in an atomic gas cloud is known,
and star formation in atomic hydrogen clouds is thought to be much more inefficient
than star formation in molecular clouds. In fact, although the first generation of
stars presumably must have formed in atomic hydrogen clouds, all detailed studies
of "normal" disk galaxies done to date with adequate resolution to study individual
regions of star formation have found that where there is clear evidence of star
formation, there is also evidence of molecular gas (Tacconi-Garman 1988; Lord
1987; Wilson 1990; Combes et al. 1978; Ishizuki et al. 1990; Lo et al. 1987; Vogel,
Kulkarni and Scoville 1988; Rand 1990; Rand and Kulkarni 1990; Lord and Kenney
1992) either superposed on the star-forming region, or displaced slightly upstream
or downstream along the spiral arms.
Knowing that current star formation appears to occur in molecular clouds in
disk galaxies, it is of interest then to explore the molecular gas properties of the
LSBGs and attempt to determine if the properties of these clouds differ from those
ar gas
ve
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of clouds in our own galaxy and other nearby galaxies, or even if molecul
exists in these systems, especially since their blue colors (Chapter 3) are suggesti
of star formation. Unfortunately, as has been noted by many previous authors (cf.
Young and ScovUle 1991, and references therein), the hydrogen molecule, wh.ch
has no permanent electric dipole moment and the lowest rotational states lying in
the infrared, does not lend itself to direct observations. Astronomers have been
forced to seek indirect methods of learning the molecular gas masses and cloud
properties in galaxies by relying on other molecules and their properties to infer
molecular hydrogen properties. The primary molecule used for such observations
is ^2(jo, and the primary frequency observed corresponds to ^2CO(J= 1->0)
, the
lowest vibrational excited state of ^^CO . This line is chosen for a number of reasons,
but primarily because ^^CO is abundant in disk galaxies, the ^2CO(J=1-^0) line is
easily excited, and it is in an observable window of the Earth's atmosphere.
While the ''CO(J= 1-^0) line is the preferred choice of astronomers for studies
of molecular gas due to its abundance in galaxies, it is not without its difficulties.
A primary problem is that, at least in our own Galaxy, ^^CO is optically thick, and
thus it is not possible to directly derive a mass from the intensity and linewidtli
of the spectrum. However, if some basic assumptions are met (see §5.3) about the
virialization of individual clouds, it is then possible to derive a gas mass. For clouds
in our own galaxy, these criteria do appear to be met (Sanders, Solomon, and Scoville
1984; Solomon et al. 1987; Scoville et al. 1987; Bloemen et al. 1986; Scoville and
Good 1989), and recently there has been evidence that this is also true for at least
some clouds that have been resolved in near-by spiral and dwarf irregular galaxies
(Wilson 1990; Wilson and Reid 1991).
The optical thickness of '^CO is likely, in fact, to be advantageous for this study.
Since ^^C0(J=l—>0) is easily excited and optically thick under nearly all reasonable
physical conditions in the ISM, then even if the metallicity of a galaxy is different
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from solar metallicity, a similar relationship between the the ^^CQ luminosity and
the H2 abundance will exist. Therefore, simply detecting the presence of '^CO in
a galaxy implies the existence of molecular hydrogen, and at least a lower limit to
the mass of molecular clouds can be derived (Maloney and Black 1988).
Prior to the detection of apparently virialized clouds in the metal-poor dwarf ir-
regular IC 1 0 (Wilson and Reid 1991) and the recent detection of ^2CO(J= 1->0) and
i^CO emission in a number of metal-poor blue compact dwarf galaxies (Sage et
al. 1992), there have been detections in ^^CO of molecular gas in several dwarf
galaxies spanning a range of properties (Tacconi and Young 1987). The nature of
any molecular clouds in LSBGs is largely unknown, but based upon the average
lower metallicity and interstellar radiation field, which appear similar to some of
the dwarf galaxies which have been detected in ^^CO , it would appear that there
is a reasonable chance of detection.
Several previous attempts to find molecular gas in LSBs have been unsuccessful.
Schombert et al. (1990) did not detect ^'"^CO emission in any of their sample of
LSBs, which included a sample of 6 galaxies chosen to have large atomic hydrogen
contents. Radford (1992) searched for ^^CO in the LSBG Malin 1 and also did
not detect any emission. Impey and Bothun (1989) had also searched for '^CO
emission in Malin 1, but they centered up at the wrong frequency. Schneider et al.
(1990) unsuccessfully searched for ^^CO in the Leo Cloud, while Salzer et al. (1991)
failed to detect ^^CO emission in the Hi "protogalaxy" found in the Virgo Cluster
by Giovanelli and Haynes (1989). The results of the current study are presented
here and the primary question we address is: What are the molecular gas properties
of a sample of massive disk galaxies with little evidence of ongoing star formation,
selected by their atomic gas properties?
In addition to the molecular properties of galaxies, it is also of interest to explore
the closely related dust properties of galaxies. Dust grains are thought to provide
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the means by which molecular hydrogen can most easily form, and the grains provide
critical shielding of the hydrogen molecules and CO molecules from the interstellar
radiation field (ISRF). Although the interplay between dust and molecular formation
and destruction is not completely understood, it is suspected that in order to form
stars efficiently, a galaxy requires copious quantities of dust.
With the successful completion of the IRAS mission, astronomers have been
inundated with a wealth of information about the far-infrared emission (FIR) prop-
erties of galaxies. In most "normal" disk galaxies, the FIR emission is thought to
be the result of some combination of dust heated by star formation, particularly by
young, massive stars (Devereux and Young 1990a), and a cool "cirrus" component
powered by the ISRF (Lonsdale et al. 1984; Bothun et al. 1989). The interplay
between these two power sources is unclear partly because, although the 60 and
100 ^/m emission has a very strong temperature dependence (T^ or T^, for an
emissivity index, n, of 1 or 2, respectively), it is not clear exactly how the dust
is distributed through a galaxy. Furthermore, recent theoretical work (Wolfire,
Hollenbach, and Tielens 1989) indicates that the 60 and 100 //m wavelengths may
be sensitive to different size dust grains, and that a significant fraction of the
60 //m emission may actually be due to very small dust grains emitting out of
thermodynamic equilibium. If this is true, then it is unclear how the ratio of 60 //m
to 100 /im is actually related to the dust in a galaxy. However, it is assumed that
the small grains emitting in non-equilibrium contribute only a small amount at
60 /^m , and thus the 60 and 100 /im emission are measuring essentially the same
grains. Under this assumption, and the assumption that the grains are emitting in
thermodynamic equilibrium, the ratio of 60 /(/m /100/xm can be used as a probe of
the average temperature of the dust. For galaxies, this temperature is an average
over very large areas, and thus reflects not only the temperature near star forming
regions, but also the temperature of dust heated by the ISRF.
5.2 The i^co Observations
We observed a sample of giant, low surface brightness galaxies in the ^^CO
line using the Five College Radio Astronomy Observatory 14 m millimeter wave
telescope. At the frequency of the ^2CO(J= 1-.0) line, 115.271203 GHz, the antenna
has a half-power beamwidth of 45'! For our highest velocity galaxies, the 115 GHz
line was redshifted to frequencies of -110 GHz with a corresponding half-power
beamwidth of il". The observations were made in the spring of 1990 and the spring
of 1992 using the single-pixel 3 mm receiver.
The single-pixel receiver supplies 512 MHz of bandwidth by utilizing two 256
channel, 1 MHz resolution filterbanks, providing a channel spacing of 2.6 km s'^
and a total bandwidth of 1336 km s-^ at 115 GHz, and 2.73 km s'^ and 1396 km s"!
at 110 GHz. For the observations made during this project, the average system
temperature was 500 K, as measured against a cold ambient load. The beam effi-
ciency, 7/B, (corrected for atmospheric effects) was measured to be 0.48 ±0.04 for
the frequency range covered in this study in the spring of 1992, agreeing very well
with the value determined prior to the replacement of the dome (Kenney 1987).
Over the period of several months in each of the two different observing seasons,
various types of weather were encountered, and different observing modes were
employed depending on the equipment available at the time. Pointing and focusing
were usually done at the beginning of each observing session, shortly after dusk,
and shortly after dawn. Tests have shown that unless there is a significant change
in the weather, the pointing and focus were consistent from day to day and from
night to night, above 30° elevation. Pointing and focus sources included Jupiter,
Saturn, Venus, DR21, and IRC 10216. Also, to avoid the effects of bad channels or
systematic problems in the filterbanks, the central optical velocity was shifted a few
channels each observing session for most of the sources.
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The data were taken primarily in double beam-switching mode, with some of the
data taken in donble position-switching mode. In donble beam-switching mode the
reference beam is 6 arcminntes from the „,ain beam. In position-switching mcxle,
the beam was nsnally shifted 10 arcminntes in right ascension or G arcnnnntes in
azimnth. Althongh the "overhead" time for beam-switching mode is coi>sideral)lc>
(approximately 12 minutes for "overhead" per 15 minute observation) relative to
position-switch mode, in general much better baselines are achieved, which is critical
to a project such as this one. We tried to reach an RMS noise of ~0.r)mK for each
hSIKJ, after 3 hours of actual integration time.
In addition to the sample of LSI3Cs, we obs(>rved a sample of giant, high surface
brightness galaxies (IISBCs), which Ht our primary sampl(> criteria except that
/Iii(;c; < 25magarcsec-2. Three of the galaxies in the IISFK; sample (UGC 4256,
(J(:;C5532, and UGC 12343) were also included in the FCRAO Extragalactic CO
Survey (Young et al. 1993) and had previously published '^CO spectra (Young
ci al. 198Ca,b), and were used to check the consistency of the data during the
1992 observing run, since the single-pixel receiver had not b(>(>n in us(> for over a
year. This overlap indicates that the single-pixel receiver response had not chang(Hl
significantly, and that the ])ointing accuracy was consistent with earlier observations.
Our calculated integrated intensities are within 15% of the intensities found by the
'^(X) Survey, and the profiles match well. At least 2 of the galaxies (UGC 5532 and
UGC 12343) have extended emission which has been mapped. If the pointing had
changed significantly over the i)eriod when the single-pixel receiver was not in use,
we would expect that difference to be relected in the profile of the emission. Thus,
we estimate that the pointing for both seasons was good to ±5"
,
as has b(MMi found
l)reviously (Lord 1987; Kenney 1987; Tacconi-Garman 1988; Young ct al. 1993).
Each galaxy was observed only in the centcu- position, except for F 568 6, which
was also observed at a position corresponding to the location of the brightest 11 ii
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regions in the galaxy. For most of the galaxies in the sample, the major axis is
less than i:5, so that one beam located in the center covered much of the optical
disk. Each galaxy was observed for an average of ~ 6 hours (3 hours on source),
hence the decision to concentrate on the central positions. The data are presented
in Figures 5.1 to 5.31. For each spectrum, we have indicated the range of velocities
over which Hi emission is observed. The data have been Hanning smoothed to
12 km s~^ resolution.
The observed temperatures and integrated intensities have been corrected to the
values expected outside the Earth's atmosphere. In order to make this correction,
effects of forward scattering and spillover of the telescope, and well as source-beam
coupling, must be taken into account. Kenney (1987) also found that there was an
elevation dependence on the intensity of the emission below an elevation of 45°. The
source-beam coupling correction is known to vary from rj^ ~ 0.7 for a source which
just fills the beam, to 7/c ~ 1 for a source which fills the entire beam pattern of the
14 m telescope (Kenney 1987). In all cases for this study, the size of the optical
disk of the galaxy was much smaller than the size of the beam pattern (~30'), so
a source-coupling correction of r]^ = 0.7 was applied. Nearly all observations were
completed above an elevation of 45°, so no elevation correction was applied to the
data. All of the data was absolutely calibrated using IRC 10-f216, such that it's
integrated intensity at 60°, j T*^dv ==131.0 K km s"^ The scaling was found to be
consistent through both runs.
The upper limits and errors have been calculated using the unsmoothed daita.. In
the case of all detections, except for UGC 02238, the integrated intensity was cal-
culated by subtracting a linear baseline and integrating over the H i 50% linewidth.
The Integrated intensities listed are on the Tr scale, i.e., corrected for forward
scattering spillover of the telescope [rjjss — 0.48 ± 0.04) and source-beam coupling,
rjc = 0.7. Upper limits are Scr. The ^^CO emission of UGC 02238 extends beyond
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Figure 5.1. The '^CO spectrum of UGC 2238. The data have been Haiming
smoothed to 12kms"^ resolution. The Hi 50% linewidth is indicated.
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Figure 5.8. The ^^CO spectrum of UGC 5880. The data have been Harming
smoothed to 12kms~^ resolution. The Hi 50% linewidth is indicated.
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Figure 5.9. The ^^CO spectrum of UGC 6105. The data have been Hanriing
smoothed to 12kms"^ resolution. The Hi 50% Hnewidth is indicated.
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Figure 5.10. The ^^CO spectrum of UGC 6997. The data have been Hanning
smoothed to 12 km s"^ resolution. The Hi 50% linewidth is indicated.
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Figure 5.11. The ^^CO spectrum of UGC 12343. The data have been Hanning
smoothed to 12kms"^ resolution. The Hi 50% Hnewidth is indicated.
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Figure 5.12. The ^^CO spectrum of UGC 12881. The data have been Manning
smoothed to Tikms"^ resolution. The Hi 50% Hnewidth is indicated.
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I'^igure 5.13. The ^^CO spectrum of F 530-1. The data have been Ilaiining smoothed
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Figure 5.14. The ^^CO spectrum of F 533-3. The data have been Manning smoothed
to 12kms~^ resolution. The Hi 50% linewidth is indicated.
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Figure 5.15. The ^^CO spectrum of F 568-6 in the center of the galaxy. The data
have been Manning smoothed to 12 km s~^ resolution. The Hi 50% linewidth is
indicated.
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Figure 5.16. The ^^CO spectrum of F 568-6 at the position of the most prominent
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Figure 5.17. The ^^CO spectrum of F 577-2. The data have been Harming smoothed
to 12kms~^ resolution. The Hi 50% linewidth is indicated.
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Figure 5.18. The ^^CO spectrum of F 582-2. The data have been Harming smoothed
to 12 km s"^ resolution. The Hi 50% linewidth is indicated.
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Figure 5.19. The ^^CO spectrum of UGC 1230. The data have been Hanning
smoothed to 12kms~^ resolution. The Hi 50% hnewidth is indicated.
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Figure 5.20. The ^^CO spectrum of UGC 1752. The data have been Hanning
smoothed to 12kms"^ resolution. The Hi 50% linewidth is indicated.
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Figure 5.21. The ^^CO spectrum of UGC2965. The data have been Hanning
smoothed to 12 km resolution. The Hi 50% linewidth is indicated.
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Figure 5.22. The ^^CQ spectrum of UGC 3088. The data have been Hanning
smoothed to 12kms"' resolution. The Hi 50% linewidth is indicated.
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Figure 5.23. The ^^CO spectrum of UGC4219. The data have been Manning
smoothed to 12kms~^ resolution. The Hi 50% linewidth is indicated.
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Figure 5.24. The '^CO spectrum of UGC 5005. The data have been Manning
smoothed to 12kms"^ resolution. The Hi 50% linewidth is indicated.
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Figure 5.25. The ^^CQ spectrum of UGC 6614. The data have been Hanning
smoothed to 12 km s"^ resolution. The Hi 50% hnewidth is indicated.
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Figure 5.26. The ^^CO spectrum of UGC 8200. The data have been Hanning
smoothed to 12kms~^ resolution. The Hi 50% linewidth is indicated.
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Figure 5.27. The ^^CO spectrum of UGC9614. The data have been Hanning
smoothed to 12kms~^ resolution. The Hi 50% linewidth is indicated.
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Figure 5.28. The ^^CO spectrum of UGC 10313. The data have been Hanning
smoothed to 12kms~^ resolution. The Hi 50% linewidth is indicated.
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Figure 5.29. The ^^CO spectrum of UGC 10908. The data have been Hanning
smoothed to 12kms~' resolution. The Hi 50% linewidth is indicated.
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Figure 5.30. The ^^CO spectrum of UGC 11578. The data have been Ilanning
smoothed to 12kms~' resolution. The Hi 50% linewidth is indicated.
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Figure 5.31. The ^^CO spectrum of UGC 12643. The data have been Hanning
smoothed to 12kms~^ resolution. The Hi 50% linewidth is indicated.
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the Hi emission, and the integrated intensity here represents the emission over
the entire velocity width of the
-CO emission. The upper limits were calculated
following the procedure of Schombert et al. (1990), using the 3a upper limit on the
brightness temperature which was determined from the rms noise per channel for
the summed scans of each galaxy. We used the Hi 50% linewidth as the nominal
value over which to integrate to determine the upper limits. Thus, the 3a upper
limits to the integrated ^^CQ intensity were determined from
Ico < ^TR^SvchWso{HI) (5j)
where Ico is the integrated intensity in K km s-^ T{R) is the corrected peak antenna
temperature in Kelvins, 6v,, is the width of the channel in kms-^, and Wso{HI) is
the Hi 50% linewidth in kms~^
The errors in the data have been estimated in the following manner. The
formal error in the data due to the statistical noise is found from the rms noise
per channel determined by subtracting a linear baseline. In addition to the error
due to the statistical noise, however, there will also be an error term due to the
uncertainty in the calibration corrections. This has been estimated (Kenney 1987)
as ~ 8% using the results of observations of over 200 calibrator source observations.
We have adopted the conservative estimate of 10% used by Kenney (1987) for the
calibration error. A final source of error in the integrated intensity derived from the
measurements is due to the uncertainties in baseline removal, especially for weak,
broad features. Since many of the galaxies observed in this study have very broad H i
linewidths, it is not unreasonable to suppose that the ^CO linewidths may also be
quite broad. To formally estimate this error, a number of the spectra were baselined
using polynomials of order 1-3 over the part of the spectrum not included within
the velocity range of the Hi. The differences in the derived integrated intensities
(or upper limits) were found to be ~ 10% for most galaxies, but did vary by as much
as 20% for two galaxies which appear to have standing waves in the spectra. Wo
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have adopted a correction of 15% for th,s uncertainty. The three sources of error
were added together in quadrature.
The results of the observations are presented in Table 5.1. Column 1 lists the
name of the galaxy, where 'U' indicates a galaxy from the UGC (Nilson 1973), and
T' indicates a galaxy from the lists of Schombert and Bothun (1988) or Schombert
et al. (1992). Column 2 lists the heliocentric velocity of the galaxy from the
Hi observations, and column 3 contains the linewidth of Hi at the 50% level,
io,o{HI). Column 4 lists the interated intensities or upper limits of the ^^CO line
in K km s-i with the 1 sigma errors. Column 5 lists the observing run during which
the data was obtamed (either Spring, 1990 or Spring, 1992). Note that there are two
entries for F 568-6, listed as F 568-6(center) and F 568-6H ii . F 568-6 was observed
during both observing runs, both at the center of the galaxy, and at the position of
the brightest Hii regions. Emission was not detected at either position. Listed in
the first section are the galaxies originally classified as HSBGs, and in the second
(after the blank line) the galaxies originally classified as LSBGs.
5.3 The ^^CO-Hj Conversion Factor
A battle continues to rage about the appropriateness of using the locally deter-
mined value for the conversion of ^^CO luminosity to a mass of molecular hydrogen
for external galaxies. Although perhaps no study of the ^^CQ emission in another
galaxy is free from the controversy, the issues are particularly relevant for the LSBG
sample of galaxies. The LSBGs provide an especially extreme test for using a
standard conversion factor.
Molecular clouds are generally optically thick in the Galaxy, and presumably in
most other galaxies, in the ^^CO(J= 1^0) transition. Thus the integrated intensity
of the line can not be directly related to the column density of molecular gas.
However, since molecular clouds do appear to be virialized (Sanders, Solomon,
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Table 5.1. 12^0 Observations
Galaxy V/,e/ Wso{HI)
(km/s) (km/s)
Yadv T(R)dv
(K km/s) (K km/s) (K km/s)
Obs.
Run^
U02238
U03770
U04128
U04256
U04743+
U04888^
U05532
U05880
U06105
U06997
U12343
U12881
6422
6378
5978
5253
3832
2258
2810
3045
7100
8024
2376
3865
326
322
330
183
180
305
395
230
455
150
354
335
0.70
<0.63
<0.87
1.18
0.41
0.92
1.35
0.77
<0.76
<0.26
1.78
<0.61
5.86
<1.41
<2.00
7.06
1.52
3.37
13.6
5.65
<1.63
<0.586
14.3
<1.30
2.47
2.09
2.75
4.80
1.42
1.91
3.35
2.23
2.22
1.42
4.02
1.53
a
a
b
b
a
b
b
b
b
a
b
a
F530-1 14399 489 <0.49 <1.09 1.96 b
F533-3 12659 397 0.36 2.61 1.54 b
F568-6 13830 368 <0.32 <0.717 1.47 a,b
F568-6HII 13830 368 <0.52 <1.20 2.37 b
F577-2 7712 341 <0.46 <1.03 1.64 b
F582-2 7043 283 <0.42 <1.41 1.56 b
U01230 3840 83 <0.29 <0.608 1.44 a
U01752t 17836 412 0.50 1.96 2.44 b
U02965 7320 219 <0.97 <2.17 4.16 a
U03088 8106 221 <0.57 <1.30 2.56 a
U04219^ 12433 396 0.52 2.06 2.17 b
U05005 3830 105 <0.48 <1.05 2.13 a
U06614 6351 244 <0.31 <0.684 1.17 b
U08200 4751 137 <0.32 <0.706 1.38 b
U09614 3053 136 <0.32 <0.706 1.11 b
U10313 6692 35 <0.18 <0.402 1.84 b
U10908 5818 214 <0.31 <0.684 1.20 b
U11578 4604 73 <0.22 <0.500 1.32 b
U12643 7001 215 <0.51 <1.09 2.15 b
^ 5<J detection
* a ^ Spring 1990; b ^ Spring 1992
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and Scoville 1984; Solomon et al. mi; Scoville et al. 1987), their line-widths
are a measure of their mass even though they are optically thick. For our own
Galaxy, the value of the conversion factor between integrated ^'^CO intensity and
molecular column density has been derived m several different ways and the average
value found in each study is consistent (Young and Scoville 1982; Bloemen et al.
1986; Sanders, Solomon, and Scoville 1984; Solomon et al. 1987; Scoville et al.
1987), although variations of up to a factor of 10 are seen along individual lines
of sight. Unfortunately, the absolute value of the conversion factor is sensitive to
cloud parameters such as density, size, gas temperature, and element abundance.
In the Milky Way, it is possible to use observations of other molecular and atomic
lines and transitions to determine these parameters, but such is not usually the case
for external galaxies. Furthermore, the observed ''CO line-width represents the
sum of many molecular clouds in an external galaxy, rather than (hopefully) one
cloud as in the Milky Way. Thus, a number of assumptions must be made before
a conversion factor may be applied to external galaxies in the same way as it is in
our own Galaxy.
Arguments for using a ^2C0-H2 conversion factor for external galaxies follow
the discussion of Dickman, Snell and Schloerb (1986; hereafter DSS). The param-
eter which relates the number of hydrogen molecules per square centimeter to the
integrated intensity of the ^^00 line in Kelvin kilometers per second is,
X=N{H2)/Ico. (5.2)
The determination of this parameter depends first on the assumption that the
^^00 profile of a galaxy can be modeled as a simple superposition of independent,
spatially-averaged cloud profiles. The clouds are assumed to fill the beam of the
telescope. The last key assumption is that the clouds are viriaHzed (e.g., DSS;
Young et al. 1986; Scoville and Sanders 1987; Maloney and Black 1988).
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Using the assumptions discussed above, DSS have shown that there is a Hnear
correlation between the integrated
-CO intensity and the mass surface density of
the cloud. The
-CO luminosity can be derived from the product of the integrated
intensity, /^o, and the area of the galaxy to which it applies. If a map of different
positions of a galaxy is made, this relation can be written as
^co = Y1^3 < ho >j cos(0 (5.3)
where A, represents the area of a ring with a width equal to the size of the beam
at a radius from the center of the map, and the factor cos(z) corrects to the plane
of the galaxy. The integrated intensity of
-CO is defined to be
Ico = Tfi{v)dv
(5 4)
where Tn{v) is brightness temperature of the galaxy, corrected for atmospheric
effects, at velocity v. Now implementing the assumptions made by DSS and others,
Equation 5.4 can be rewritten as
N
ho = [(^s).(<^^)i'^t]Meam (5.5)
t= l
where (TJ, is the gas radiation temperature averaged over cloud {6v), is the
line-width of cloud iVheam is the solid angle of the beam, and where the summation
is carried out over all clouds in the beam. If the clouds are assumed to be identical,
and shadowing of the optically thick clouds does not occur in both position and
velocity space, then we can say
Ico = [Nu,/ubcam]{Tg,,){Sv),. (5.6)
The line-width, (6y),, for clouds in virial equilibrium is given by
(H. = {^)"' (5.7)
and Mi and /?, are the mass and radius of each cloud.
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At this point, to simplify matters, an additional assumption is made. If it is
assumed that the clouds have uniform densities, where M. = (4/3)./i3^, then
Ico = [(4/3).Gi??,]^/^[yVc../-.e..](T,)..
(5.,)
Then using the definition of ^^CO luminosity from Equation 5.3 we find
Leo = CT,,Mp-y^
where T,, is the gas radiation temperature averaged over the beam, M is the mass of
the clouds in the beam, and C is a constant. DSS found that relaxing the constraint
of uniform density clouds only changed the value for x ~ 10—15%.
As seen above, given the initial assumptions, the i2co(J= 1^0) luminosity
of a galaxy is simply proportional to the mass of the molecular clouds, the gas
temperature of the clouds, and the square root of the density of the clouds. Thus,
as has been noted many times before, to the extent that the ratio T.Jp'l'' remains
constant in galaxies, the ^^CO luminosity is directly proportional to the molecular
gas mass. Since an increase in gas temperature is usually related to an increase
in density in the disks of galaxies, this would seem to be a reasonable assumption.
Even in the extreme starburst galaxy M 82, the apparent variation in T,j^,lp'l^ is
only a factor of a few (Wild et al. 1989; Turner, Martin, and Ho 1990).
For LSBGs, potentially the most significant problem with assuming a constant
^^C0-H2 conversion factor may be that the initial assumptions are no longer valid.
For instance, if LSBGs have fewer molecular clouds, as is suggested by the paucity
H II regions and lack of spiral structure, the clouds may not fill the beam, and
beam dilution could significantly reduce the detection probability. Perhaps even
more importantly, if any existing molecular gas is not in virial equilibrium because
the molecular clouds are not gravitationally bound, then the molecular gas mass
can not be determined using the previous arguments. Despite these uncertainties,
145
however, if
-CO emission is detected, then molecular hydrogen is present, and
already something significant has been learned.
The lower levels of star formation and infrared emission in LSBG systems lead
one to suspect that any molecular clouds present will be of a very different nature
than the majority of giant molecular clouds (GMCs) found in our own Galaxy. In
fact, the most appropriate comparison may be to molecular clouds in the outer Milky
Way Galaxy, such as Maddelana's Cloud. In the outermost portion of our Galaxy,
the metallicity is lower by up to a factor of ~-0.25dex from solar abundances,
(Pagel and Edmunds 1981), the radiation field is significantly lower, and the average
density of the gas and stars is also lower. These conditions may be similar to
the general conditions found in LSBGs. Are the molecular clouds-if they exist-
virialized? Current molecular observations suggest that Maddelana's Cloud, which
is located in the outer Galaxy about 2.2 kpc from the Sun, is not in virial equilibrium
(Lee, Snell, and Dickman 1991), thus the relationship between '^CO intensity and
molecular hydrogen column density can not be easily demonstrated. At best, x may
be known to 50% within our own Galaxy. For measurements in external galaxies, the
uncertainty in the appropriate value for the conversion factor may be even larger.
However, despite potential uncertainties in the absolute conversion number between
^^CO and H2
,
a search for molecular gas is by no means hopeless. Since ^^CO
is nearly always optically thick, as mentioned earher, any detection of ^^CQ in a
galaxy indicates that molecular hydrogen is present in the galaxy.
Another potential comparison to LSBGs may be the Large and Small Magellanic
Clouds, at least in the few Hii regions that are present in LSBGs. The Magellanic
Clouds are known to have low metallicites (Dufour 1984), and recent findings con-
clude (Cohen et al. 1988) that the ^^C0-H2 conversion factor may be six times
higher than the average value quoted for the Milky Way. The resolution of these
studies is poor, however, so it is unclear whether or not gravitationally bound clouds
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have been resolved, and thus, the masses determined assuming virialization of the
clouds are accurate.
The effect of low metallicity may be partially cancelled out giver, that the gas
temperature in these galaxies is likely to be lower than in "normal" disk galaxies,
while the density of the clouds may be less. However, for those LSBGs which have
been detected by IRAS^ calculated dust temperatures from the 60 and 100 ^m flux
indicate that most of the galaxies have dust temperatures between 20-30 K, as can
be seen in §5.6.1.
5.4 12(^0 Results
We have completed a study of .30 galaxies in the ^^COl-J-l^O) line. These
galaxies were originally selected to represent a sample of atomic gas-rich, giant galax-
ies with a range of optical surface brightnesses. Separating the galaxies by our origi-
nal selection criteria, we have detected seven of twelve galaxies with UGC mean sur-
face brightnesses of /Iugc ^ 25 mag arcsec'^at a level of 5 a or better, and three out
of eighteen galaxies with mean blue surface brightnesses of /Zugc Z 25 mag arcsec'^
at 5 cr or better. Thus we have a detection rate (including the 5cr detections) of
58% for the HSBGs and 17% for the LSBGs. One of the detected HSBG galaxies,
UGC 02238, is actually an interacting system, so if we exclude that galaxy, we have
a 55% detection rate for the HSBGs. The HSBGs have, on average, a 1.7 times lower
velocity than the LSBGs, so caution is needed in directly comparing the detection
limits. However, the two samples have similar average Hi linewidths, and the
sensitivity of the LSBG observations is, on average, two times better. Thus, if the
LSBGs have similar cloud properties to those of the HSBGs, and the total flux from
these clouds is ^1.5 times the emission from the HSBGs, the galaxies should have
been detected.
sion
ue
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Table 5.2 presents the results of our observations. Column 1 lists the name of the
galaxy, as in Table 5.1. Column 2 lists the flux within the beam in Jy km s- or the
3 a upper limit to the flux. Column 5 lists the log of the mass or corresponding
upper limit in solar masses, assuming Ho = kms-iMpc and that the conver
factor derived for the Milky Way galaxy can be applied. We have adopted the val
X = 2.3xl020H2atoms-2, the most recent upper limit derived from the gamma ray
studies in our Galaxy (Bloemen 1989). Column 6 lists the ratio of M(H2) / M(H i ) or
the corresponding upper limits. Listed in the first section are the galaxies originally
classified as HSBGs, and in the second (after the blank line) the galaxies originally
classified as LSBGs.
We find that nearly all the galaxies in our sample have M(H2) / M(H i ) ratios
which are similar the ratios found for late-type galaxies (Young and Knezek 1989),
assuming that the ^^CO -H2 conversion factor is similar to that found in our Galaxy.
It is interesting that none of the galaxies in our sample are dominated by molecular
hydrogen, despite the range in morphological types. In one sense, this is not
surprising, since we have deliberately chosen an Hi -rich sample of galaxies, but on
the other hand, a galaxy with copious quantities of Hi is by no means automatically
excluded from being dominated by molecular hydrogen. Furthermore, the detected
galaxies generally have (for all types) H2/H1 ratios which are at least 5c7 (based on
the error in the mean derived by Young and Knezek) lower than the mean value
derived for their morphological type by Young and Knezek (1989) independent of
optical mean surface brightness. None of the detected galaxies has a ratio higher
than the mean ratio found for Sc galaxies. The M(H2) / M(H i ) ratio determined
for UGC 02238 is within 2a of the mean value found for merging galaxies (Knezek
and Young 1990). Of course, if the ^^C0-H2 factor is different by 50% or more
in the gas-rich systems studied here, and the H2mass should subsquently be 50%
greater, which would push the M(H2) / M(Hi) ratios toward the previously deter-
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Table 5.2. '^CO Properties
(Jykms-^) (M^)
U02238 89.5 13.7 0.55
U03770 <21.5 <3.04 <0.13
11041 OR <zy.y <4.02 <0.21
U04256 108 10.6 0.28
U04743^ 23.2 1.19 0.22
U04888t 51.4 1.09 0.06
U05532 207 6.63 0.17
U05880 86.2 2.61 0.22
U06105 <24.9 <4.78 <0.03
U06997 <8.95 <2.06 <0.15
U12343 218 5.32 0.27
U12881 <19.9 <1.19 <0.09
F530-1 <16.6 <13.0 <0.37
F533-3 39.8 23.9 0.68
F568-6 <11.0 <7.60
F568-6HII <18.3 <13.0
F577-2 <15.8 <3.37 <0.20
F582-2 <21.5 <4.02 <0.17
U01230 <9.29 <0.543 <0.03
U01752^ 29.9 34.8 0.29
U02965 <33.1 <6.41 <0.21
U03088 <19.9 <4.67 <0.64
U04219^ 31.5 17.4 0.23
U05005 <16.1 <0.804 <0.10
U06614 <10.4 <1.52 <0.05
U08200 <10.8 <0.891 <0.09
U09614 <10.8 <0.369 <0.05
U10313 <6.14 <1.04 <0.12
U 10908 <10.4 <1.41 <0.04
U11578 <7.62 <0.586
U12643 <16.6 <3.15 <0.17
^ 5a detection
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mined values. This would require that the ratio be different even in the h.gl.r
surface brightness systems, yet it has been argued (Devereux and Young 1990b;
Solomon and Sage 1988; Young and Scoville 1991) that as long as the physical
conditions are not changing drastically from galaxy to galaxy, so that the ratio of
the cloud temperature to the average density of the cloud remains constant, the
conversion factor will also remain constant.
5.5 Far-Infrared Data and Analysis
The data on the FIR emission of LSBGs was obtained from "Addscans" made at
the Infrared Processing and Analysis Center (IPAC), and is derived from data taken
at 12, 25, 60, and 100//,m with the IRAS satellite. Data was obtained for 72 out of 76
galaxies with B and R images in this sample before the untimely demise of the IPAC
mainframe computer. The galaxies for which no IRAS Addscan data were obtained
are UGC4226, UGC5981, UGC 6287, UGC6783, and UGC 11578. UGC 11578 has
only and Hi data. In addition, the IRAS Faint Source Survey (hereafter
FSS; Moshir et al. 1990) was searched to obtain other possible detections or upper
limits, but revealed only two galaxies, UGC 3088 and UGC 5604. UGC 3088 was
detected at 12 //m and 25 //m, and nominally at 60 //m. UGC 5604 was listed as a
detection at 100 //m, but examination of the Addscans resulted in the roiichision
that the baseline was too noisy for a true detection. Thus, only UGC 3088 is listed.
Table 5.3 presents the results of the IRAS analysis for those galaxies which were
detected at either 60 ^m, 100 //m, or both. Column 1 Hsts the galaxy name, as in
Table 5.1. Columns 2 and 3 contain the Addscan integrated flux at 60, and 100 /un
in Jy, corrected for the bandpass response, column 4 lists the ratio of th(> fluxes
at the two wavelengths, Seo/Sioo, and column 5 lists the derived dust temperature,
assuming a emissivity law.
5.3. FIR Fluxes and Dust Temperatur
Galaxy c
^60/ '->100
(Jy)
{ i^)
F568-9 0 490 u.ouu 0.841 43.9
F572-2 n 9fifi U.OO / noil0.311 30.0
F577-2 n OVA
<0.765 >42.0
F579-1 l.Do4 0.258 28.3
U00785 i. .-i(JU Z.OOO 0.433 33.5
U00962 1 nsQ Q 1 C/lo.if54 0.342 30.9
U01455 0 378 9 1 /I Q 0.177 25.5
U02238 9 284 U.oyd 37.7
U02241 1 156 '\ 904 U.oDi 31.5
U02302 0 257 0 66*^u.uuo U.OOO 32.2
U03059 0 499 V, 1 . ( OU 97n ^ on f\<29.0
U03088 0 190 <'0 Q'^i'^ 1 QQ>u. lyy <2d.3
U03140 1 049 u.oyu 32.3
U03770 0 317 i .000 n 90Q nA
U03984 9 97fi U.ZOD 28.3
U04058 0 2'=)9 > i .044 <0D.9
U04128 1 183J. . X (JO 704 u.oiy oU.o
U04256 5.950 12 020 0 40"^ OO. i
U04316 0.246 <0 148 \ 1 ac{c.^ 1 .UOD <DD.O
U04422 1.079 3.143 0 '^4'^U.OrrO 1 n01 .u
U04570 0.327 <0 580 ^0 'i64 *v,0 ( .u
U04713 0.860 3.020 0 98^ 9Q 9iiy . w
U04743 1.078 2.469 0 436 oo.u
U04888 1.574 5 286 0 9Q«u. ^yo 9Qzy.D
U04936 2.862 6 857 0 417 oo. i
U05366 0.532 1 786 0 99S 9Qzy .u
U05532 9.193 31.531 0 999 9Q 4
U05880 7 236 1 3 466 0 '^'^7U.iJO ( 00.
0
U06105 0.650 2.071 0.314 30.1
U12343 17.567 26.943 0.652 39.2
U 12388 0.418 <i.ir2 >0.376 <31.9
U12511 1.223 1.707 0.716 40.8
U12643 0.206 <0.429 >0.480 <34.7
U12881 1.146 1.420 0.807 43.1
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Of the 72 galaxies for which Addscans or FSS data were obtained, 26 were
detected at both 60 and 100^™ (36%), and 8 were detected at either 60,m or
100.™ (1,%), for a total detection rate of 46%. Among the galax.es detected at
both wavelengths, 8 galaxies (31%) were originally classified as LSBGs, and all of
the galaxies detected in only one bandpass were originally classified as LSBGs. Of
the galaxies originally classified as HSBGs, IRAS detected 17 (81%). The HSBG
galaxies not detected were UGC 5604, UGC 6997, and UGC 9680. The LSBGs have
an average velocity of 6643 km s-, while the HSBGs have an average velocity of
5685kms->, thus if the dust in both samples was present in the same quantities
and emitting at about the same temperature, we would expect approximately equal
detection rates. The difference between the infrared properties of the LSBGs and
the HSBGs is apparently real.
5.6 FIR Results
The 60 and 100 //m emission was converted to an infrared luminosity by following
the procedure given in Catalogued Galaxies in the IRAS Survey (Lonsdale et al.
1985) and used the relation
Lfir = 3.75 X 10^i)2(2.5856o + Sioo)R (5.10)
where D is the distance to the galaxy in megaparsecs, Sqo and 5ioo are in Janskys,
and R is the factor which corrects for emission longward of 120 /im. As for calculating
the dust temperature, Tdust, we have assumed a A"^ emissivity law to calculate
the far-infrared luminosity.
The distribution of FIR luminosities is presented in Figure 5.32. The LSBG
galaxies have a lower mean FIR luminosity than the HSBGs by a factor of at least
three, where the mean luminosity is < L^/fi >= 7.2 x 10^° L© for the HSBGs and
< Lfir >= 2.2 x 10^° L© for the LSBGs. Only the detections were included in
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log LpiH (Lo)
Figure 5.32. A histogram of i\\r (l(;rivc(l VWl lumiiiosiiics (or IISIKis and LSIiCs.
I'lic IvSIKJs have a lower mean FIR luminosity than llic lISBCiS.
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calculating the means, thus the true mean LSBG luminosity is actually lower. It
is not surprising that the HSBGs have a higher mean FIR luminosity since these
galaxies have many H ii regions, and thus ongiong massive star formation to heat
the dust, as suggested by Devereux and Young (1990a). If massive star formation is
the primary heating source for dust in galaxies, it is perhaps surprising that any of
the LSBGs were detected at all. The LSBG systems that were definitely detected at
both 60 and 100 /.m, with the exception of UGC 2302, a nearby galaxy, all have spiral
structure and knots which may be Hii regions. The mean FIR luminosity for the
detected systems is actually high compared to that found for normal spirals (Bothun
et al. 1989), and suggests that high mass star formation may be a contributing factor
for these galaxies. However, many of the systems detected only at one wavelength
do not have obvious Hii regions, and in these systems, "cirrus" emission may be
the dominant source, as first suggested by Low et al. (1984).
5.6.1 Dust Temperatures of LSBGs
The warm dust mass of the galaxies detected in at least one wavelength was de-
termined using the 100 //m emission. We assume the grain properties of Hildebrand
(1983), and use only a single temperature component, so that the warm dust mass
is
Mdust = {4/3)ap/Q4S,D'/B{u,T)] (5.11)
where a is the weighted grain size, p is the grain density, is the grain emissivity
at frequency is the flux density at frequency i/, and B{u,T) is the inten-
sity of a blackbody of temperature T at frequency i/. From Hildebrand (1983),
{4/'l)ap/Qioon = 0.04 gcm"^ Thus, the dust mass at 100 //m becomes
Mdust = 4.785ioo^I>'[exp(143.88/TDt/ST - !]• (5.12)
We find that for the galaxies detected by IRAS, the LSBGs do not have a
lower dust temperature, on average, than HSBGs. In fact, it would appear that
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for the detected LSBGs, the temperature distribution is very similar to that of the
HSBGs. Due to the strong temperature dependance of the FIR emission, IRAS is
sensitive to warm dust emission and is unhkely to detect emission from dust with
Tdust ^ 20 K so the lack of detections of galaxies with lower Tovst is not surprising.
Furthermore, since LSBGs appear to have only weak areas of star formation, it is
also not surprising that the dust temperatures are not significantly warmer, as has
been found in interacting galaxies (Young et al. 1989; Rengarajan and Iyengar
1989; Sanders et al. 1986; Bushouse, Lamb, and Werner 1987; Bushouse 1987) and
starburst galaxies (Young et al. 1989; Devereux and Young 1990b). As mentioned
above, what is perhaps unexpected is that LSBGs have significant quantities of
warm dust at all. In Figure 5.33, we plot a histogram of the color-corrected dust
temperatures for both the HSBGs and the LSBGs in our sample.
We see no evidence that the dust temperature, as indicated by the ratio of 60 ^m
to 100 /<m, is correlated to the disk central surface brightness, //^(O). In Figure 5.34
we plot the disk central surface brightness as a function of ^eo/^ioo and indicate
galaxies which were originally classified as LSBGs and those which were originally
classified as HSBGs. Apparently, the strength of the ISRF, as measured by the
amount of light emitted per unit area in the disk, does not significantly affect the
temperature of the dust.
5.6.2 FIR Luminosity and Dust Masses
In Table 5.4 we present the table of FIR luminosities and dust masses derived for
those galaxies with IRAS detections in at least one bandpass. Column 1 lists the
galaxy name as in Table 5.1. Column 2 list the 60 to 100 //m ratio, and column
3 lists the corresponding dust temperature in Kelvins. Column 4 contains the
FIR luminosity and column 5 lists the corresponding dust mass. As with the FIR
luminosities, the mean dust mass for the LSBGs is lower than the mean dust mass for
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Figure 5.33. A histogram of the derived dust temperatures for HSBGs and LSBGs.
There appears to be no significant difference between the dust temperatures of
LSBGs and HSBGs.
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Figure 5.34. A plot of the R disk central surface brightness versus the ratio of
the 60 //m to 100 emission detected by IRAS. Filled squares indicate galaxies
originally classified as LSBGs and stars indicate galaxies originally classified as
HSBGs. Upper limits are indicated by a line. There appears to be no significant
difference between the distribution of dust temperatures of LSBGs and HSBGs as
a function of disk central surface brightness.
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the HSBGs. For those galaxies with detections in both 60 and 100 ^m, the means are
< MousT >=2.5x W for the HSBGs and < Mousr >= 1.3 . W M, for the
LSBGs. The upper Hm.ts on the LSBGs which were only detected m on bandpass
are generally much lower, however, indicating that for LSBGs as a whole, warm dust
masses are lower than for HSBGs. Unfortunately, since IRAS was only sensitive to
warm dust, this says little about the overall dust content of the LSBGs. In his study
of the metalHcities of LSB galaxies, McGaugh (1992) found httle evidence for dust
in his systems. The Balmer decrements he derived suggested very little reddening
in his galaxies. If this holds true for the LSBGs as well, the low detection rate of
the LSBGs and possible low reddening suggest that they have little dust. This is
consistent with the low levels of star formation.
5.7 Discussion
Studies done on LSBGs mdicate that a typical LSBG, despite its classification
as a poor star-former, often has blue colors, weak areas of Ha emission suggestive of
ongoing star formation in regions of its disk, and a distinct nuclear bulge suggestive
of past star formation (Knezek, Schneider, and Recillas 1993, Schombert et al. 1990,
Bothun et al. 1990, Bothun et al. 1987). Assuming that star formation takes place
in molecular clouds in these systems, as it does in our own galaxy, it is then possible
that they contain a significant amount of ^^CO . The lack of abundant strong Hii
regions, however, suggests that if FIR emission is dominated by high mass star
formation (Devereux and Young 1990a), these galaxies would not be detected in the
far-infrared. The fact that some LSBGs have been detected leads to the speculation
that the "cirrus" component may be important, and to the conclusion that at least
some do have the dust and molecular gas necessary to form stars. It is interesting
that none of the LSBGs observed and detected in ^^CO were also detected by IRAS.
Unfortunately, the statistics are so poor that it is difficult to conclude anything.
Table 5.4. Derived FIR Properties
Galaxy iJf^C\ / 0 1 nn^ DU / 1 UU ^ DUST log ^F/fl log Mdust
(° K) T \(L©
) (Mo )
1 <juo y n Q/1 1 /I Q n4o.y 10.32 6.19
F^79-9 U.ol i oU.U 10.17 6.89
F577-9 <.U. (DO >4z.U <9.99 <5.96
F'i7Q-1 U.ZOo 9Q Qzo.o 10.73 7.57
ijnr)7s^V-/ WW 1 O'J U.40.J oo.O 11.25 7.72
\J \JWC'W*l/ U.04Z ou.y 10.57 7.22
Tim n 1 77U. i ( ( zO.o 10.45 7.51
u.oy.j Q7 7O / . / 11.54 7.75
V-/ W iij il- t: 1 U.oD 1 oi .0 10.83 7.43
TjnoQn9 U.OOO •^9 9oz. z 8.59 5.14
\J VOVOJ ^n 970 <^9Q n<^zy.u <10.25 <7.04
\J \J*J\JO(J ^99 n<^zz.u <10.79 <8.22
UD'^l 40yj yJO x^yj u.oyu "^9 'ioz.o 10.69 7.25
\j yjo 1 ( u n 998 97 4Z I .4 10.38 7.30
U.ZOO 98ZO. 0 iO.zl 7.05
S> i .044 ^5fi Q ^ 1 A IT <5.48
TIDdl 9S u.oiy •^0 10. /b 7.48
fl 4Qc^u.4yo OO. i 1 1 onil.zU 7.5/
-> 1 .ODD <y.53 <4.55
1104499 U.040 '^l 0Oi .u iU.4U 7.05
"^0 5fi4 ^ O ( . u < iU.Uo <6.33
110471 0 98^U.ZoO 9Q 9 1 1 0/1i 1 .U4
110474'^ 0 4*^^U.4oD 1 n 9niU.zu 0.6 i
0 9Q8u. zyo 2Q 6 1 n 1
9
iU. io o.oo
0 417U.4 i 1 33 1OO . J. 1 n (\iiU. Uo O.Oo
WWOW 0 9Q8 29 6 1 0 1i u. o i 1 .UO
IJn55'^9 0 9Q9 29.4 11.09 7 851 . UO
\J \JKJiJ\J\J 0 5*^7 36.3 10.76 7.05
TJOfilO^ 0 "^14 30.1 10.68 7.39
U12343 0.652 39.2 11.00 7.12
U12388 >0.376 <31.9 <10.07 <6.65
U12511 0.716 40.8 10.15 6.18
U 12643 >0.480 <34.7 <10.03 <6.43
U 12881 0.807 43.1 10.17 6.08
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Several scenarios for the evolution of LSBGs have been proposed and this
research may help to distinguish between them. Schombert et al. (1990) have
suggested that either there is a metal-poor disk population with a strong blue
horizontal branch, or a truncated IMF with more continuous star formation. The
findings of this study are consistent with a metal-poor disk population, especially
if the i^cO-Hs conversion factor is not significantly higher due to the lack of
metals. Given the blue colors of the disks of most LSBGs, and the general lack
of far-infrared emission (Fullmer and Lonsdale 1989), and '^CO emission, it is
more difficult to explain all of these galaxies as having a truncated IMF with
continuous star formation. Perhaps this is the case for those LSBGs which were
definitely detected by IRAS, since all of those (except UGC2302) have a fairly
normal spiral morphology. Furthermore, van der Hulst et al. (1987) speculated
that the underlying cause of the extreme low surface brightnesses of these galaxies
is a very low H i gas density, where most of the neutral atomic hydrogen never
reaches the critical density required to convert into molecular hydrogen. This could
be the case if these galaxies have very large scale heights. This is also consistent
with the lack of ^^CO detections. An additional possibility is that these LSBGs are
"starburst" galaxies which have either not yet burst or burst episodically with very
long quiescent periods. However, assuming that the ^2CO-H2 conversion factor
is not radically different from that of our own galaxy, we might expect to detect
prodigious amounts of ^^CO in systems which are preparing to undergo a burst of
star formation. Thus, the most likely scenario appears to be that these systems
have metal-poor stars with very little dust and molecular gas, and the lack of either
is perhaps ultimately due to extermely low atomic gas densities.
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5.8 Conclusions
Our ^^CO(J=1-.0) investigation of 18 LSBGs and 12 HSBGs was carried out
in the spring of 1990 and spring of 1992. We have positively detected ^^CO in one
LSBG, and detected it at the 5a level in two others. The clear detection, F 533-3,
is morphologically undisturbed, but has disk colors that are at least 1 magnitude
redder than the average for the LSBG sample (Chapter 4). We have detected ''CO
in 5 of the HSBGs at greater that the 5a level, and 2 others at the 5a level. One of the
HSBG detections, UGC 02238, has since been optically identified as morphologically
peculiar. Thus we have a detection rate of ~ 11% for the LSBGs, and 55% for
the HSBGs (not including the morphologically peculiar galaxy). This investigation
represents the first positive detection of ''CO emission in low surface brightness
giant galaxies, and confirms the presence of molecular hydrogen in at least some of
these massive, LSB systems. The 3(7 upper limits to the surface density of molecular
hydrogen (assuming a standard 12^0—H2 conversion factor) for the non-detections
are typically 3 x 10^^ cm^^ for the LSBGs and 6 xW cm'' for the HSBGs.
Some galaxies classified as LSBGs have been detected in the far-infrared. The
LSBG systems which were seen at both 60 and 100 //m all have fairly normal spiral
morphologies, except one, which is very nearby. The mean FIR luminosity and
dust mass of the definitely detected LSBGs are lower than the means for the HSBG
sample, but not for spiral galaxies in general. The derived dust temperatures for
LSBGs and HSBGs are similar. Thus, perhaps in these detected systems, star
formation is progressing in a manner that is simply a lower-level version of that seen
in "normal" disk galaxies, and the FIR emission may be dominated by high mass star
formation. The LSBGs which were only detected in one bandpass tend to have much
lower FIR luminosities and dust masses based on their limits. In these galaxies, the
"cirrus" component may dominate the FIR emission, and star formation appears to
be suppressed, perhaps due to extremely low atomic gas densities.
Chapter 6
CONCLUSIONS AND FUTURE PROSPECTS
6.1 Summary
We have undertaken a study of a well-defined, although not complete, sample
of galaxies with extreme physical properties. This study has provided information
about the properties of galaxies which are rich in atomic gas, have large physical
diameters, many with very low optical surface densities, althought the ^o^a/ luminos-
ity can be comparable to the most luminous galaxies in the universe. Our primary
selection criteria were that M(Hi)^10»oMq and D^s^SOkpc. We have obtained
broadband B and R images for 76 galaxies with a range of mean blue optical surface
brightnesses and examined a subset of these galaxies in ^^CO and the far-infrared.
We have separated our sample of galaxies into two categories, those defined as high
surface brightness galaxies, with /IbIDss) ^24.5 mag arcsec'^ and those defined as
low surface brightness galaxies, with 7/b(D26) ^24.5 mag arcsec-^.
Optical imaging of the LSBGs and HSBGs shows that:
1) LSBGs have as much optical morphological variety as do the high surface bright-
ness galaxies used to define the Hubble Sequence.
2) The optical light distribution of LSBGs, as measured in R, generally indicates a
bulge component which follows an r^l'^ law, and an exponential disk. However, there
are a significant number of galaxies (~20% of the sample) whose light distributions
can be fit by a "pure" exponential disk.
3) The entire sample of massive, giant galaxies has an average central disk color,
B — R = 0.98, which is considerably bluer than has been determined for the disks
of late-type spirals.
very
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4) The "pure" disk galaxies have the bluest disks of all, B-R = 0.75, and
similar appearances in B and i?, suggesting that these galaxies may be underg,
their first episode of star formation.
5) Most of the HSBGs and LSBGs have color gradients in their disks in the sense that
the disks get bluer with distance from the nucleus. The mean gradient of the entire
sample is A(5
- i?)/A( /o,r) = 0.58
,
but variations of up to a magnitude are seen.
There is no significant difference in the mean gradient seen in LSBGs compared to
HSBGs. These gradients may be due to variations in the metalhcity as a function
of radius, but if they are, they correspond to very large changes in metallicity,
A(Fe///)/A(/o^r) = 3.1. These variations are larger than those previously seen
within disks, and even those seen in globular clusters in the halo of our Galaxy.
6) There appears to be a limit to the disk central surface brightness associated with
the disk scale length in the sense that there are no galaxies with very high surface
brightnesses and very long disk scale lengths, while there are both high and low
surface brightness galaxies with short disk scale lengths.
The study of the molecular gas and dust in LSBGs and HSBGs suggests that:
7) LSBGs are not devoid of molecular gas, but they are less likely to be detected
than HSBGs. This may be due in part to low metallicities of LSBGs which would
decrease the amount of ^^CO
,
but not necessarily molecular hydrogen.
8) If the ^^C0-H2 conversion factor is similar in LSBGs to that found for our
Galaxy, LSBGs have H2/H1 ratios similar to late-type galaxies.
9) LSBGs are not devoid of warm dust, although again they are much less likely to
be detected than HSBGs. Those LSBGs which were detected by IRAS have dust
temperatures, far-infrared luminosities, and warm dust masses with a lower mean
than those seen in HSBGs.
10) No correlation exists between disk central surface brightness and the likelihood
of detection in ^^CO .
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11) A weak correlation may be present between disk color and detection in FIR
in the sense that none of the "pure" disk systems were detected by IRAS. This
is consistent with "pure" disk systems are undergoing their first episode of star
formation. 12) Those LSBGs which were detected at both 60 and 100 ^m have spiral
morphologies, and may have a star formation history which is similar to HSBGs and
"normal" spiral galaxies.
All of the LSBGs studied here have an enormous reserve of atomic gas which has
not been converted into stars. This may in part be due to their relative isolation
from other massive galaxies. The LSBGs rarely have L. galaxies within 1 Mpc,
whereas HSBGs frequently do. The LSBGs may have evolved essentially without
interaction with other galaxies, and thus the conversion of atomic gas to molecular
gas, and molecular gas to stars, may have progressed in a very inefficient manner.
Therefore, LSBGs may represent a view into the process of star formation in disks
without outside interference, and if they are numerous, a significant fraction of the
baryonic mass in the universe.
6.2 Current Work and Future Prospects
6.2.1 Atomic Gas Properties of Individual Low Surface Brightness Giants
The sample of galaxies selected for this study was chosen to have extreme atomic
gas masses, M(Hi) >10i° M© , so a bias has been deliberately introduced. Giant
low surface brightness systems which do not have copious quantities of atomic
gas, or have atomic gas at column densities too low to have been detected by
the present technology will remain unexplored. However, the goal of the present
work was to begin to determine the properties of galaxies which had already been
discovered optically, but who's true nature had remained unrecognized. Many of
the systems in this study were classified by Nilson (1973) as "dwarf spirals", and
as such had not been the target of systematic observations. For a number of years
as
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atomic gas studies followed closely in the footsteps of optical studies, concentrating
largely on the gas properties of bright, nearby galaxies (e.g., Roberts 1969; Shostak
1978; Bosma 1978), galaxies that are isolated or in clusters (Haynes and Giovanelli
1984; Giovanelli and Haynes 1985), or morphologically peculiar galaxies, such
interacting systems (Smith 1992; Davis and Seaquist 1983) and early-type ga
with gas (Bregman, Hogg, and Roberts 1992; Warmels 1986; van Driel and van
Woerden 1990).
These Hi studies of HSB galaxies have provided a wealth of information about
the atomic gas properties of such systems, not only in the global context, but also
in the detailed distribution of atomic gas in the disks of many nearby spirals. In
general, the Hi distribution in disk galaxies does not appear to closely follow the
radial distributions of other major components of galaxies. In particular, the optical
light, Ha emission, and molecular gas appear to be closely correlated when radially
averaged (Tacconi-Garman 1988; Rand 1990; Wilson 1990; Lord 1987; Young and
Scoville 1991). In general, all three of these components show an inner peak with
a fairly rapid fall-off as distance from the nucleus increases (following roughly an
exponential brightness distribution in the disk). In contrast, the Hi distribution is
usually quite flat interior to the optical disk, often displaying a depression in the
very central regions, and falling off slowly outside the optical disk. Thus the Hi in
disk systems frequently appears to extend well beyond the optical disk. Is this true
for most massive disk systems? The recognition of galaxies with low disk surface
brightnesses which were rich in atomic gas leads to the question of why these galaxies
haven't formed more stars.
A number of recent studies have departed, at least to some extent, from the
emphasis on HSB galaxies. One approach taken by a number of groups has been
to do small, systematic surveys of well-defined regions of the sky in the 21 cm
line, deliberately searching for Hi detections without a prior bias towards already
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catalogued galaxies (Briggs 1992; Spitzak and Schneider 1993). These searches are
hampered by a number of difficulties. The largest problem is that such surveys
must, because of the finite amount of observing time available for any one project,
choose between volume of the universe sampled in both angular size on the sky and
redshift, and the sensitivity of the observations. Some groups have opted to search
to high redshifts optically, but over only very small regions of the sky, the so-called
"pencil-beam" surveys (Geller and Huchra 1989) or combine both optical and Hi
data Bothun et al. 1986). Other groups have survey larger areas of the sky in Hi
but only out to moderate redshifts (van Gorkom 1992; Spitzak and Schneider 1993;
Briggs 1992). These surveys have been very useful for mapping out the distribution
of HSB galaxies in the universe, and have led to the recognization of the apparent
large scale structure. Most of these surveys have had limited sensitivity in atomic
column density, however, so that their ability to detect objects which have low
average column densities, as do many LSBs, is restricted (McGaugh 1992; McGaugh,
Bothun, and van der Hulst 1992; van der Hulst et al. 1992). Thus, these studies
have provided little information on the large scale distribution of gas-rich LSBs.
A second approach, which is the approach taken in this study, has been to use
optically cataloged galaxies which have not been observed in Hi, and to determine
the Hi content of these galaxies. Schneider et al. (1990; 1992) used this approach to
obtain Hi measurements of galaxies cataloged in the UGC as Sd or later, including
those galaxies classified as "dwarfs". It was discovered as a part of this study
that a significant fraction of the "dwarf" galaxies were, in fact, large disk systems
at large redshifts (where "large" redshift is meant in local-universe scales of 5000-
25000 km s-i.)
IGG
6.2.1.1 A iomic Gas rind Star Formation
Key to comprehending the evoh.tion and star formation histories of galaxies is
understanding the role that atomic and molecular gas play in th<. forn.ation of stars.
For the past 30 years, astronomers have been using a relationship heiwe^M. tlH> star
formation rate (SMi) in a galaxy and the gas in the galaxy which assnnu^s that th<>
SFR is dependent on only tlu. local gas density, and that the two parameters are
related by a simple jjower law of the form:
SFR = con slant, x
^(jlj
'['his functional form was first proposed by Schmidt (1959), and has since become
known as tlu; Schimdt law. Most attempts to empirically determine the vahu> for
the exponent of the pow(«r law liave found that 0 ^ n < I (cf. I'Veedman 1984,
and r(>ferences th(Mvin). The variation in the values for the exi)oncnt haw been
attributed to a number of different effects, including the neglect of molecular gas
(Tacconi and Young 1986), or atomic gas (Talbot 1980), effects due to resolution
smearing (l<V(;(>dman 1984), and diflerent techni(|U(>s for measuring the star formation
rate (M a,doi(> 1977). IIowev(!r, as rioted by Kennicutt (1989), large variation is the
value of n. have been found even wIkmi the sam(> t(>chni(|ues are us(>d in di(h>rent
locations of the same galaxy. This led Kennicutt to suggest that the star Ibi ination
law has no universal form or slope.
Schmidt (1959) formulated his law to include the volume density of gas and stars.
(Jnlortunat(4y, in external galaxies, the volume density is not easily obs(!rvable.
Instead, astronomers determine the gas and stellar surface densities, and so it is in
terms of th(\se (juantities that wc. wish to express the law. In this case, the Schmidt
law takes the form:
TisFR = constant x XI,^. (^'•-)
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This follows the formalism of Kennicutt (1989). In this ca.e, N is the power law
index wh,ch describes the gas surface density, not the volume density. Only ,s star
formation is described by a linear law, i.e., the exponent from equation 6.1, „ ~ 1,
will A'' ~ n.
In recent years, the theory that there is a critical threshold for the formation of
molecular clouds from atomic clouds, and thus for star formation (at least massive
star formation) has been gaining popularity. The basic concept is based on the
simplest gravitational stabiHty arguments. As discussed by Toomre (1964), Cowie
(1981), and Kennicutt (1989), in an isothermal, thin gas disk, the disk will become
unstable if the surface density exceeds a critical value such that
where is the critical surface density, c, is the velocity dispersion of the gas, k is
the epicyclic frequency, and a is a dimensionless quantity near unity. This equation
holds if the disk is self-gravitating, but only strictly holds if a = 1.
This theory, which was originally proposed by Quirk (1972), is expanded on by
Kennicutt (1989), who incorporates the idea that the epicyclic frequency can be
derived from the rotation curve of a galaxy, such that
K = 1.41 — 1 + (a A)
V dR' ^^-^^
where V is the rotational velocity at the radius R. He then assumes that the gas
velocity dispersion is constant at c, = 6kms-\ Thus, he finds that the critical
density can be expressed as
Ec = 0.59a^ (6.5)
where is expressed in Mepc"^, V is in kms~\ and R is in kpc. Thus, if this
relationship holds for LSBG galaxies, obtaining their rotation curves may show that
star formation occurs only where the atomic gas surface density exceeds the critical
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density. This has been proposed for the LSBs studied by McGaugh (1992). On
the other hand, the gas velocity dispersion may be much larger in LSBGs, again
requiring a higher critical surface density than that given m Equation 6.5. We are
attempting to explore these possibilities.
6.2.1.2 Preliminary Data and Analysis
We have recently obtained 21 cm data on LSBGs from the VLA from two
separate projects. The objective of the first project was to determine the Hi
distribution of a number of LSBGs which appeared to be nearly face-on disk systems,
yet which had Hi linewidths in excess of 250 km s-^. The prototype for this cate-
gory of galaxies is Malin 1, which has a linewidth of luso = 315kms-i (Impey and
Bothun 1989) and appears very nearly face-on in optical images, although Impey
and Bothun (1989) simply state that the distribution of nebulosity merely implies
that it's unlikely that i > 60°. A number of similar galaxies-galaxies with low
optical surface brightnesses, an apparently face-on optical light distribution, and
yet double-horned, wide Hi line profiles—were discovered during an Hi study of
new galaxies from the Second Palomar Observatory Sky Survey (Schombert and
Bothun 1988; Schombert et al. 1992). A subsample of four such galaxies, along
with one optically highly-inclined LSBG, UGC9680 (Schneider et al. 1990) was
selected for interferometric investigation.
The observations for the first project were made at the VLA using the C-array,
which has a beam size of ~ 20'' The data were taken with 2 IFs at 10 km s~^ resolution,
and then several channels of data were averaged together to produce a final resolution
of ~ 40kms~^ The average integration time for each galaxy was about four hours,
staggered to achieve better u-v coverage. This is adequate to detect Hi at column
densities greater than ~4 x 10^° cm"^. In conjunction with the Hi observations, B
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and R images were obtained for all but one of the galaxies, in order to determine
the true optical distribution of light.
The second project, for which the data has just been obtained, was aimed at
examining the vertical velocity distribution of the atomic gas in LSBGs. We selected
three galaxies which both appeared face-on optically in deep B and R images and
which has narrow, single-peaked Hi linewidths [w^o < 100 km s"^). We also selected
one additional LSBG which was face-on optically, even in deep B and R images, but
which once again had the double-peaked, wide Hi linewith {w,o > 400 km s"!). The
galaxies selected were of reasonable angular size (D25>2' ) so that they could be
mapped with the C-array at 21 cm. It has been suggested (van der Hulst et al. 1987;
Kennicutt 1983, 1989; McGaugh 1992) that star formation may be closely linked
to the ability to form molecular clouds from atomic hydrogen. This suggestion
that there is a critical surface density of Hi which must be achieved in order to
form molecular clouds appears to be supported by the aperture synthesis results
of McGaugh (1992), although the sample is primarily LSB dwarf galaxies. In this
project we hope to study the vertical distribution of the atomic gas in face-on
LSBGs, as there is little evidence that the Hi extends well beyond the optical disk
(Schneider et al. 1990), and a simple assumption of a thin disk would produce atomic
surface densities similar to those of HSBGs, and above the proposed critical surface
density. If the gas were not distributed in a small velocity range perpendicular to
the disk, however, it is possible that the atomic gas would not efficiently collapse to
form molecular gas even though it's distribution along the disk is similar. It is this
hypothesis that is tested in the second project.
6.2.1.3 Results and Discussion
Preliminary results of the first project have shown that the galaxies have fairly
regular Hi distributions, with rotation curves indicative of inclined, rotating disks.
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This is consistent with the optical results. Upon obtaining deep B and R images, all
of the galaxies observed, with the possible exception of one, have light distributions
which look quite inclined. The orientation of the H i velocity distribution appears to
follow the light distribution quite well. Fits to the rotation curve using a standard
Brandt fit do produce anamously high velocities - 600-1000 km s'^
,
however.
If these modelled rotational velocities are in fact indicative of the true rotational
velocities of LSBGs, then perhaps part of the solution of why these systems are
such poor star-formers can be resolved. As pointed out by Kennicutt (1989), the
threshold density of disks is a function of the epicyclic frequency, «, and k is a
function of both radius and rotational velocity. The sense of this dependence is
such that the more rapidly a disk rotates, the higher the threshold surface density.
Thus, perhaps many of these systems have been unable to maintain high (massive)
star formation rates because they rotate so rapidly that even though they appear to
have "normal" gas surface densities, these densities are still too low to trigger star
formation. More detailed analysis is planned.
In addition to the possibiHty that LSBG galaxies rotate so rapidly that they
have significantly higher threshold densities than HSB disk galaxies, there is the
additional concern that LSBG galaxies may not be thin disks, in the strict sense of
the word. As seen in equation 6.3, the threshold density depends not only on the
epicyclic frequency of the disk, but also on the gas velocity dispersion, c^. Velocity
dispersions measured in our Galaxy and others lie in the range c, = 3-10kms~^ (cf.
Kennicutt 1989, and references therein). We will analyze data from the .second
project to determine the velocity dispersions in LSBGs. If the velocity dispersions
are large enough, then the disk may no longer be thin, and equations 6.3 and 6.5
may no longer apply. This may also limit the star formation rate of LSBGs.
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6.2.2 Other Projects
ion
LSBGs represent an enormous potential for study of galaxies and star format
in a new laboratory. Before their overall place in the universe can be established,
many things remain to be explored. Some LSBGs appear to have low level ac-
tive galactic nuclei (AON), and one ongoing project involves surveying the known
sample of LSBGs for AGN and searching for correlations with mass, luminosity,
disk color, etc. Other planned projects include determining the metallicities of a
significant number of LSBGs and lookmg for radial metallicity gradients within their
disks, searchmg for neighbors in physical space by determining their velocities and
continuing to identify and catalog members of this special class.
In addition to the broad projects which are aimed largely at deriving mean
properties for the ensemble of galaxies classified as low surface brightness giants,
it would also be interesting to begin to isolate some systems and explore them in
detail. With this goal in mind, plans are underway to determine the C ii distribution
in one LSBG with a large angular diameter, as well as possible "high resolution"
Hi studies of the same galaxy. For a few relatively nearby systems, a search will
be made for globular clusters in their halos, which may yield information about the
formation of these systems. And for a few systems with a large angular extent,
maps will be made over the optical disk of the galaxies in ^^CO to see if perhaps
the molecular hydrogen is located in isolated regions of the galaxy. Combining this
detailed analysis with the properties of LSBG galaxies as a whole will provide much
of the data necessary to continue to piece together their evolution and star formation
history.
6.3 The 0rigin and Evolution of Giant Low Surface Brightness Galaxies
The key remaining question for the LSBGs is why have they remained at such
low optical surface densities over such extended periods of time? We have proposed
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that LSBGs are not faded disks that underwent star formation long ago, near the
epoch of galaxy formation, as has been proposed for elliptical galaxies (cf. Kormendy
1989, and references therein), but instead are systems which have evidently for the
most part evolved slowly over the Hfetime of the universe, using very little of their
copious quantities of gas to form stars. It is possible that they have, in fact, formed
significant numbers of stars, but that they have an unusual IMF which suppresses
the formation of massive young stars which would normally enrich the chemical
content of the galaxies and contribute significantly to the energy distribution at
short optical wavelengths. It is difficult, however, to reconcile this theory with the
extremely blue colors of these systems, as seen in Chapter 4.
The actual formation of giant, largely unevolved disk systems has been addressed
by Hoffman, Silk, and Wyse (1992). In their scenario, the LSBGs, characterized
by the extreme example Malin 1 (Bothun et al. 1987), are rare systems whicli
form in voids. Using the standard biased galaxy formation scenario (Hoffman and
Shaham 1985; Bardeen et al. 1986), and a flat, cold dark matter (CDM) dominated
universe, that for a 5 x l^'^h'^MQ void, about 5 LSB galaxies will form, while in
a cluster of the same mass 35 "normal" galaxies will form. The collapse of these
objects is modelled as being dissipationless, and they simply assume that a thin,
self-gravitating, centrifugally supported disk will be the generic result of a dissipative
collapse. The material which forms a bulge is a small fraction of the primordial gas,
which cools and falls into the gravitational well. The dynamical cooling time is much
longer in voids due to the extended nature of disks which form there. Thus, galaxies
evolving from these disks form bulges, but have disks that are relatively unevolved.
While this scenario may well be plausible, especially for systems like Malin 1, the
formation of the "pure" disk systems that are found in the current study require
further modelling.
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Another possible approach, which is more concerned with evolution than for-
mation, are the models that are discussed by Kormendy (1989). These models are
formulated to describe the formation and evolution of elliptical systems. He argues
that the competing theories for the formation of ellipticals, namely formation by
mergers (e. g., Toomre 1985; Toomre and Toomre 1972) and formation by dissipative
collapse (e. g., Ostriker 1980) have been evolvmg toward each other. In his scenario,
dissipation is key to the formation of galaxies and clusters, whether the galaxies
form initially from the dissipative collapse of material or the merging of galaxy
disks. Systems which undergo dissipative collapse fall on the standard "cooling
diagram," which shows a relationship between density and velocity dispersion (or
rotation for disks). We have done a very simple calculation to place the LSBGs on
this diagram. We used the central surface brightnesses determined in Chapter 4 to
find the luminosity per pc-^ by first converting to V and then using
{L/Rf = 3.442 X 10^°10-^/2-^ (6.6)
where n = V mag arcsec-^, and L is in solar luminosities. We then used the mean
dynamical mass to luminosity ratio, which was ~ 17M0pc~^ to find the mass per
pc-2. Assuming the LSBGs are 100 to 500 pc thick, we find the volume density of
LSBGs lies between -0.2 < \og{p) < +0.6. The rotational velocities for the LSBGs
range between 100 and 300 km s"^ We then use these numbers to place the LSBGs
on the "cooling" diagram shown in Kormendy's Figure 2, and find that LSBGs fall
on the extreme end of dark matter halos with no metals. While this is admittedly a
very crude calculation, it suggests that LSBGs may have dissipatively formed from
massive metal-poor dark matter halos.
6.4 Final Remarks
Low surface brightness giant galaxies offer a unique viewport into the formation
and evolution of galaxies as a whole. Their apparent lack of gravitational interaction
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with other galaxies implies that these systems offer a case stucl^' of the evolution of
a gas-rich, isolated galaxy. The "pure" disk nature of some of the galaxies provide
an opportunity to examine disk systems which may not undergo the usual disk
formation scenario of first forming a bulge and bulge stars, and then slowly collapsing
the disk and forming a younger stellar population. As difficult as the study of these
systems is, they offer such an enormous potential for expanding the horizons of
knowledge of the formation and evolution of galaxies that they are well worth t,h(.
effort.
Appendix A
R Images
This appendix contains the R images of each galaxy with two different contrasts,
as discussed in Chapter 4. The data was obtained either from the 2.1m telescope
at San Pedro Martir, Baja California, Mexico, or the 0.9 m telescope at Kitt Peak
National Observatory, Tucson, Arizona. The San Pedro Martir data has a platescale
of 0.3.3" /pixel, while the Kitt Peak data has a platescale of 0.68" /pixel. All data
has been reduced in a uniform manner using IRAF and ARCHANGEL. For more
details about the data reduction, see Chapter 4.
Each page presents two contrasts for a galaxy, and there are two galaxies per
page. The left image shows the galaxy with a low contrast to bring out the
morphological details of the brighter inner regions of the galaxy such as spiral
structure, a bulge, or prominent H ii regions. The right image shows the galaxy with
a high contrast to bring out the morphological details of the fainter outer regions of
the galaxy such as spiral structure or Hii regions. One galaxy is presented in the
two panels on the top, and a second galaxy is presented in the two panels on the
bottom. For all of the images, north is up and east is to the left. A bar graph is
shown for each image to indicate lOkpc.
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Figure A.l. The R band images of F 530-1 (top) and F 533-3 (bottom). Each galaxy
is depicted on the left at a low contrast to enhance the features of the inner regions
of the galaxy, and on the right at a high contrast to enhance the features of the
outer regions of the galaxy. A bar indicating 10 kpc is shown. North is up, and east
is to the left.
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Figure A. 2. The R band images of F 564-2 (top) and F 568-9 (bottom). Each galaxy
is depicted on the left at a low contrast to enhance the features of the inner regions
of the galaxy, and on the right at a high contrast to enhance the features of the
outer regions of the galaxy. A bar indicating 10 kpc is shown. North is up, and east
is to the left.
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F572-2 F572-2
Figure A. 3. The R band images of F 572-2 (top) and F 577-2 (bottom). Each galaxy
is depicted on the left at a low contrast to enhance the features of the inner regions
of the galaxy, and on the right at a high contrast to enhance the features of the
outer regions of the galaxy. A bar indicating 10 kpc is shown. North is up, and east
is to the left.
179
Figure A. 4. The R band images of F 578-2 (top) and F 579-1 (bottom). Each galaxy
is depicted on the left at a low contrast to enhance the features of the inner regions
of the galaxy, and on the right at a high contrast to enhance the features of the
outer regions of the galaxy. A bar indicating 10 kpc is shown. North is up, and east
is to the left.
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Figure A. 5. The R band image of F 582-2 (top) and the B band image of UGC 334
(bottom). The R band image of UGC 334 had a satclhte going directly through the
galaxy, so the B band image is presented instead. Each galaxy is depicted on the
left at a low contrast to enhance the features of the inner regions of the galaxy, and
on the right at a high contrast to enhance the features of the outer regions of \\\c
galaxy. A bar indicating 10 kpc is shown. North is up, and east is to the left.
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Figure A. 6. The R band images of UGC416 (top) and UGC 566 (bottom). Each
galaxy is depicted on the left at a low contrast to enhance the features of the inner
regions of the galaxy, and on the right at a high contrast to enhance the features of
the outer regions of the galaxy. A bar indicating 10 kpc is shown. North is up, and
east is to the left.
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UGC 628 UGC 628
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UGC 785
Figure A. 7. The R hand images of UGC 628 (top) and UGC 785 (bottom). Kach
galaxy is depicted on left at a low contrast to (;nhance the features of the inner
regions of the galaxy, and on the right at a high contrast to enhance th(5 features of
the outer regions of the galaxy. A bar indicating 10 kpc is shown. North is up, and
east is to the left.
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Figure A. 8. The R band images of UGC962 (top) and UGC 1230 (bottom). Each
galaxy is depicted on the left at a low contrast to enhance the features of the inner
regions of the galaxy, and on the right at a high contrast to enhance the features of
the outer regions of the galaxy. A bar indicating 10 kpc is shown. North is up, and
east is to the left.
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Figure A. 9. The R band images of UGC 1455 (top) and UGC 1752 (bottom). Each
galaxy is depicted on the left at a low contrast to enhance the features of the inner
regions of the galaxy, and on the right at a high contrast to enhance the features of
the outer regions of the galaxy. A bar indicating 10 kpc is shown. North is up, and
east is to the left.
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UGC 2238 UGC 2238
Figure A. 10. The R band images of UGC 2238 (top) and UGC 2241 (bottom). Each
galaxy is depicted on the left at a low contrast to enhance the features of the inner
regions of the galaxy, and on the right at a high contrast to enhance the features of
the outer regions of the galaxy. A bar indicating 10 kpc is shown. North is up, and
east is to the left.
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Figure A. 11. The R band images of UGC 2302 (top) and UGC 2664 (bottom). Each
galaxy is depicted on the left at a low contrast to enhance the features of the inner
regions of the galaxy, and on the right at a high contrast to enhance the features of
the outer regions of the galaxy. A bar indicating 10 kpc is shown. North is up, and
east is to the left.
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UGC 2921 UGC 2921
Figure A. 12. The R band images of UGC 2921 (top) and UGC 2965 (bottom). Each
galaxy is depicted on the left at a low contrast to enhance the features of the inner
regions of the galaxy, and on the right at a high contrast to enhance the features of
the outer regions of the galaxy. A bar indicating 10 kpc is shown. North is up, and
east is to the left.
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Figure A. 13. The R band images of UGC 2975 (top) and UGC 3059 (bottom). Each
galaxy is depicted on the left at a low contrast to enhance the features of the inner
regions of the galaxy, and on the right at a high contrast to enhance the features of
the outer regions of the galaxy. A bar indicating 10 kpc is shown. North is up, and
east is to the left.
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UGC 3088 UGC 3088
Figure A. 14. The R band images of UGC 3088 (top) and UGC 3140 (bottom). Each
galaxy is depicted on the left at a low contrast to enhance the features of the inner
regions of the galaxy, and on the right at a high contrast to enhance the features of
the outer regions of the galaxy. A bar indicating 10 kpc is shown. North is up, and
east is to the left.
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Figure A. 15. The R band images of UGC 3770 (top) and UGC 3984 (bottom). Each
galaxy is depicted on the left at a low contrast to enhance the features of the inner
regions of the galaxy, and on the right at a high contrast to enhance the features of
the outer regions of the galaxy. A bar indicating 10 kpc is shown. North is up, and
east is to the left.
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UGC 4002 UGC 4002
Figure A. 16. The R band images of UGC 4002 (top) and UGC 4058 (bottom). Each
galaxy is depicted on the left at a low contrast to enhance the features of the inner
regions of the galaxy, and on the right at a high contrast to enhance the features of
the outer regions of the galaxy. A bar indicating 10 kpc is shown. North is up, and
east is to the left.
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UGC 4128 UGC 4128
Figure A. 17. The R band images of UGC 4128 (top) and UGC 4219 (bottom). Each
galaxy is depicted on the left at a low contrast to enhance the features of the inner
regions of the galaxy, and on the right at a high contrast to enhance the features of
the outer regions of the galaxy. A bar indicating 10 kpc is shown. North is up, and
east is to the left.
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Figure A. 18. The R band images of UGC 4226 (top) and UGC 4256 (bottom). Each
galaxy is depicted on the left at a low contrast to enhance the features of the inner
regions of the galaxy, and on the right at a high contrast to enhance the features of
the outer regions of the galaxy. A bar indicating 10 kpc is shown. North is up, and
east is to the left.
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UGC 4316 UGC 4 316
Figure A. 19. The R band images of UGC 4316 (top) and UGC 4344 (bottom). Each
galaxy is depicted on the left at a low contrast to enhance the features of the inner
regions of the galaxy, and on the right at a high contrast to enhance the features of
the outer regions of the galaxy. A bar indicating 10 kpc is shown. North is up, and
east is to the left.
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Figure A. 20. The R band images of UGC 4422 (top) and UGC 4570 (bottom). Each
galaxy is depicted on the left at a low contrast to enhance the features of the inner
regions of the galaxy, and on the right at a high contrast to enhance the features of
the outer regions of the galaxy. A bar indicating 10 kpc is shown. North is up, and
east is to the left.
196
Figure A. 21. The /? band images of UGC 4713 (top) and UGC4743 (bottom). Each
galaxy is depicted on the left at a low contrast to enhance the features of the inner
regions of the galaxy, and on the right at a high contrast to enhance the features of
the outer regions of the galaxy. A bar indicating 10 kpc is shown. North is up, and
east is to the left.
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Figure A.22. The R band images of UGC 4888 (top) and UGC 4936 (bottom). Each
galaxy is depicted on the left at a low contrast to enhance the features of the inner
regions of the galaxy, and on the right at a high contrast to enhance the features of
the outer regions of the galaxy. A bar indicating 10 kpc is shown. North is up, and
east is to the left.
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UGC 5005 UGC 5005
UGC 5284 UGC 5284
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Figure A. 23. The R band images of UGC 5005 (top) and UGC 5284 (bottom). Each
galaxy is depicted on the left at a low contrast to enhance the features of the inner
regions of the galaxy, and on the right at a high contrast to enhance the features of
the outer regions of the galaxy. A bar indicating 10 kpc is shown. North is up, and
east is to the left.
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Figure A. 24. The R band images of UGC 5366 (top) and UGC 5437 (bottom). Each
galaxy is depicted on the left at a low contrast to enhance the features of the inner
regions of the galaxy, and on the right at a high contrast to enhance the features of
the outer regions of the galaxy. A bar indicating 10 kpc is shown. North is up, and
east is to the left.
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UGC 5532 UGC 5532
Figure A. 25. The R band images of UGC 5532 (top) and UGC 5604 (bottom). Eacli
galaxy is depicted on the left at a low contrast to enhance the features of the inner
regions of the galaxy, and on the right at a high contrast to enhance the features of
the outer regions of the galaxy. A bar indicating 10 kpc is shown. North is up, and
east is to the left.
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Figure A. 26. The R band images of UGC 5750 (top) and UGC 5880 (bottom). Each
galaxy is depicted on the left at a low contrast to enhance the features of the inner
regions of the galaxy, and on the right at a high contrast to enhance the features of
the outer regions of the galaxy. A bar indicating 10 kpc is shown. North is up, and
east is to the left.
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Figure A. 27. The R band images of UGC 5981 (top) and UGC 6105 (bottom). Each
galaxy is depicted on the left at a low contrast to enhance the features of the inner
regions of the galaxy, and on the right at a high contrast to enhance the features of
the outer regions of the galaxy. A bar indicating 10 kpc is shown. North is up, and
east is to the left.
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UGC 6287
0
UGC 6287
Figure A. 28. The R band images of UGC 6287 (top) and UGC 6614 (bottom). Each
galaxy is depicted on the left at a low contrast to enhance the features of the inner
regions of the galaxy, and on the right at a high contrast to enhance the features of
the outer regions of the galaxy. A bar indicating 10 kpc is shown. North is up, and
east is to the left.
Figure A. 29. The R band images of UGC 6783 (top) and UGC 6997 (bottom). Each
galaxy is depicted on the left at a low contrast to enhance the features of the inner
regions of the galaxy, and on the right at a high contrast to enhance the features of
the outer regions of the galaxy. A bar indicating 10 kpc is shown. North is up, and
east is to the left.
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UGC 7641 UGC 7641
UGC 8200 UGC 8200
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Figure A. 30. The R band images of UGC 7641 (top) and UGC 8200 (bottom). Each
galaxy is depicted on the left at a low contrast to enhance the features of the inner
regions of the galaxy, and on the right at a high contrast to enhance the features of
the outer regions of the galaxy. A bar indicating 10 kpc is shown. North is up, and
east is to the left.
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UGC 8253 UGC 8253
Figure A. 31. The R band images of UGC 8253 (top) and UGC 9614 (bottom). Each
galaxy is depicted on the left at a low contrast to enhance the features of the inner
regions of the galaxy, and on the right at a high contrast to enhance the features of
the outer regions of the galaxy. A bar indicating 10 kpc is shown. North is up, and
east is to the left.
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Figure A. 32. The R band images of UGC 9672 (top) and UGC 9680 (bottom). Each
galaxy is depicted on the left at a low contrast to enhance the features of the inner
regions of the galaxy, and on the right at a high contrast to enhance the features of
the outer regions of the galaxy. A bar indicating 10 kpc is shown. North is up, and
east is to the left.
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Figure A. 33. The R band images of UGC 10017 (top) and UGC10313 (bottom).
Each galaxy is depicted on the left at a low contrast to enhance the features of
the inner regions of the galaxy, and on the right at a high contrast to enhance the
features of the outer regions of the galaxy. A bar indicating 10 kpc is shown. North
is up, and east is to the left.
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UGC 10795
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UGC 10795
Figure A. 34. The R band images of UGC 10795 (top) and UGC 10908 (bottom).
Each galaxy is depicted on the left at a low contrast to enhance the features of
the inner regions of the galaxy, and on the right at a high contrast to enhance the
features of the outer regions of the galaxy. A bar indicating 10 kpc is shown. North
is up, and east is to the left.
210
Figure A. 35. The R band images of UGC 10915 (top) and UGC 11977 (bottom).
Each galaxy is depicted on the left at a low contrast to enhance the features of
the inner regions of the galaxy, and on the right at a high contrast to enhance the
features of the outer regions of the galaxy. A bar indicating 10 kpc is shown. North
is up, and east is to the left.
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UGC 12343
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UGC 12343
Figure A. 36. The R band images of UGC 11979 (top) and UGC 12343 (bottom).
Each galaxy is depicted on the left at a low contrast to enhance the features of
the inner regions of the galaxy, and on the right at a high contrast to enhance the
features of the outer regions of the galaxy. A bar indicating 10 kpc is shown. North
is up, and east is to the left.
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Figure A. 37. The R band images of UGC 12388 (top) and UGC12511 (bottom).
Each galaxy is depicted on the left at a low contrast to enhance the features of
the inner regions of the galaxy, and on the right at a high contrast to enhance the
features of the outer regions of the galaxy. A bar indicating 10 kpc is shown. North
is up, and east is to the left.
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Figure A. 38. The R band images of UGC 12643 (top) and UGC 12811 (bottom).
Each galaxy is depicted on the left at a low contrast to enhance the features of
the inner regions of the galaxy, and on the right at a high contrast to enhance the
features of the outer regions of the galaxy. A bar indicating 10 kpc is shown. North
is up, and east is to the left.
Appendix B
Radial Profiles
This appendix contains the azimuthally averaged radial profiles of the R surface
brightnesses and i?
- R colors for each galaxy a. discussed in Chapter 4. The data
was obtained either from the 2.1 m telescope at San Pedro Martir, Baja California,
Mexico, or the 0.9 m telescope at Kitt Peak National Observatory, Tucson, Arizona!
The San Pedro Martir data has a platescale of 0.33" /pixel, while the Kitt Peak data
has a platescale of 0.68" /pixel. All data has been reduced in a uniform manner
using IRAF and ARCHANGEL. For more details about the data reduction, see
Chapter 4.
Each page presents two graphs for a galaxy. The top panel shows a graph of the
azimuthally averaged B-R color profile as a function of radius. The colors have
been determined by calculating the total B, and R, magnitudes within each radius
2, and then subtracting the total magnitudes of each band within radius and
Thus, the color at each radius is {B, - R,) - {Bi_, - R^_^). The y-axis is in
magnitudes and the x-axis is in arcseconds.
The bottom panel shows a graph of the R surface brightness as a function of
radius out from the center of the galaxy. The surface brightness has been determined
using ellipses fit to the isophotes in the R image and then azimuthally averaged.
Also shown are the best fits to the bulge using an r^/"* law and the disk assuming
an exponential profile (both dashed lines). Not all galaxies could be fit by bulged
components. When both components were fit, the sum of the two is indicated by a
solid line. The y-axis is in magarcsec"^ and the x-axis is in arcseconds.
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l''ifi,iir<' 15.1. Tlic aziniuilially averaged radial disirihulion of II surfaxx; brigliliiess
(hol,t,(Mii panel) and B — R colors (top panel) of F530-I. Also shown are the best
fits to the bulge using an l;ivv and the disk assuming an expoiieii(-ial prolilc
(both dashed lines). Not all galaxies could be (it by bidged coniponents. When
both roinponcnts were fit, the sum of the two is indicated by a solid line. TIk^ radial
surface brightness (bottom panel) is given in magarcscc"^, while the B — R colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are 1 cr, and
represent both statistical errors and systematic uncertainties.
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Figure B.2. The azimuthally averaged radial distribution of R surface brightness
(bottom panel) and B - R colors (top panel) of F 533-3. Also shown are the best
fits to the bulge using an r^/'* law and the disk assuming an exponential profile
(both dashed lines). Not all galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a solid line. The radial
surface brightness (bottom panel) is given in magarcsec"^, while the B — R colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are 1 a, and
represent both statistical errors and systematic uncertainties.
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Figure B.3. The azimuthally averaged radial distribution of R surface brightness
(bottom panel) and B - R colors (top panel) of F 564-2. Also shown are the best
fits to the bulge using an r'^l'^ law and the disk assuming an exponential profile
(both dashed lines). Not all galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a solid line. The radial
surface brightness (bottom panel) is given in mag arcsec"^, while the B — R colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are Icr, and
represent both statistical errors and systematic uncertainties.
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Figure B.4. The azimuthally averaged radial distribution of R surface brightness
(bottom panel) and B - R colors (top panel) of F 568-9. Also shown are the best
fits to the bulge using an r^/'' law and the disk assuming an exponential profile
(both dashed lines). Not all galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a solid line. The radial
surface brightness (bottom panel) is given in magarcscc"^, while the B — R. colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are I cr, and
represent both statistical errors and systematic uncertainties.
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Figure B.5. The azimuthally averaged radial distribution of R surface briglitness
(bottom panel) and B - R colors (top panel) of F 572-2. Also shown are the best
fits to the bulge using an r^^'^ law and the disk assuming an exponential profile
(both dashed lines). Not all galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a solid line. The radial
surface brightness (bottom panel) is given in mag arcsec"'^, while the B — R colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are 1 cr, and
represent both statistical errors and systematic uncertainties.
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Figure B.6. The azimuthally averaged radial distribution of R surface brightness
(bottom panel) a^nd B - R colors (top panel) of F 577-2. Also shown are the best
fits to the bulge using an r^/'* law and the disk assuming an exponential profile
(both dashed lines). Not all galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a solid line. The radial
surface brightness (bottom panel) is given in magarcsec"^, while the B - R colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are 1 cr, and
represent both statistical errors and systematic uncertainties.
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Figure B.7. The azimuthally averaged radial distribution of R surface briglitness
(bottom panel) and B — R colors (top panel) of F 578-2. Also shown are the best
fits to the bulge using an r^^'^ law and the disk assuming an exponential profile
(both dashed lines). Not all galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a solid line. The radial
surface brightness (bottom panel) is given in mag arcsec"^, while the B - R colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are 1 cr, and
represent both statistical errors and systematic uncertainties.
222
0 10 20 30 40
r (arcsec)
Figure B.S. The azimuthally averaged radial distribution of R surface brightness
(bottom panel) and B - R colors (top panel) of F 579-1. Also shown are the best
fits to the bulge using an r^/"^ law and the disk assuming an exponential profile
(both dashed lines). Not all galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a solid hne. The radial
surface brightness (bottom panel) is given in mag arcsec"^, while the B — R colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are 1 cr, and
represent both statistical errors and systematic uncertainties.
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l^'igun; B.!). The aziinuthally averaged radial distribulion of li surface brigliUiess
(bottom panel) and B - R colors (top [)aiiel) of ? ^iWl-'l. Also sfiown are the best
fits to the bulge using an law and the disk assutning an expouential profile
(both dashed lines). Not all galaxies could be fit by bulged components. When
botli componcuits W(;re fit, the sum of the two is indica.ted i)y a sohd line. Tlie radial
surface brightness (bottom panel) is given in magarcsec"'^, while the B - R colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are 1 a, and
represent botli statistical errors and systematic uucei tainties.
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Figure B.IO. The azimiithally averaged radial distribution of R surface brightness
(bottom panel) ^ind B - R colors (top panel) of UGC 416. Also shown are the best
fits to the bulge using an r^^'^ law and the disk assuming an exponential profile
(both dashed lines). Not all galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a solid line. The radial
surface brightness (bottom panel) is given in magarcsec"^ while the B - R colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are 1 a, and
represent both statistical errors and systematic uncertainties.
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Viguir H.ll. 'Vhc azinmihally av(!rag(;(l radial dislribuiion of II surface hrighUioss
(bottoin i)aiiel) and B - R colors (toj) panel) of U(J(;566. Also shown are l,lie best
fits io l.lie bulge using an /•'/' law a,nd ilie disk assuming an exponenl.ial profile
(bolli dashed liiu^s). Not, all galaxies could be fit, by bulged coin|)on(Mit,s. When
both components were ht, the sum of tlu; two is indicated by a solid line. The radial
surface brigiitness (bottom i)anel) is given in mag arcsec"''^, while the B - II colors
(top panel) are in magnitu(l(!s. The radius is in arcseconds. Krror bars are I a, and
represent both statistical (>rrors and systematic uncertainties.
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Figure B.12. The azimuthally averaged radial distribution of R surface brightness
(bottom panel) and B - R colors (top panel) of UGC 628. Also shown are the best
fits to the bulge using an r^/'* law and the disk assuming an exponential profile
(both dashed lines). Not all galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a solid line. The radial
surface brightness (bottom panel) is given in mag arcsec"^, while the B — R colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are 1 cr, and
represent both statistical errors and systematic uncertainties.
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Figure B.13. The azimuthally averaged radial distribution of R surface brightness
(bottom panel) and B - R colors (top panel) of UGC 785. Also shown are the best
fits to the bulge using an r^/^ law and the disk assuming an exponential profile
(both dashed lines). Not all galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a solid line. The radial
surface brightness (bottom panel) is given in magarcsec"^, while the B — R colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are 1 a, and
represent both statistical errors and systematic uncertainties.
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Figure B.14. The azimuthally averaged radial distribution of R surface brightness
(bottom panel) &nd B - R colors (top panel) of UGC 962. Also shown are the best
fits to the bulge using an r^/"" law and the disk assuming an exponential profile
(both dashed lines). Not all galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a sohd line. The radial
surface brightness (bottom panel) is given in mag arcsec"^, while the B - R colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are 1 a, and
represent both statistical errors and systematic uncertainties.
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Figure B.15. The azimuthally averaged radial distribution of R surface brightness
(bottom panel) and B — R colors (top panel) of UGC 1230. Also shown are the
best fits to the bulge using an r^/"* law and the disk assuming an exponential profile
(both dashed lines). Not all galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a solid line. The radial
surface brightness (bottom panel) is given in mag arcsec"^, while the B — R colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are 1 a, and
represent both statistical errors and systematic uncertainties.
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Figure B.16. The azimuthally averaged radial distribution of R surface brightness
(bottom panel) and j5 - colors (top panel) of UGC 1455. Also shown are the
best fits to the bulge using an r^l"^ law and the disk assuming an exponential profile
(both dashed lines). Not all galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a solid line. The radial
surface brightness (bottom panel) is given in magarcsec"^ while the B - R colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are 1 cr, and
represent both statistical errors and systematic uncertainties.
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Figure B.17. The azimuthally averaged radial distribution of R surface brightness
(bottom panel) &nd B - R colors (top panel) of UGC 1752. Also shown are the
best fits to the bulge using an r^/'* law and the disk assuming an exponential profile
(both dashed lines). Not all galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a solid line. The radial
surface brightness (bottom panel) is given in magarcsec"^, while the B - R colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are 1 a, and
represent both statistical errors and systematic uncertainties.
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Figure B.18. The azimuthally averaged radial distribution of R surface brightness
(bottom panel) &nd B - R colors (top panel) of UGC 2238. Also shown are the
best fits to the bulge using an r^/'^ law and the disk assuming an exponential profile
(both dashed lines). Not all galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a solid fine. The radial
surface brightness (bottom panel) is given in magarcsec"^, while the B - R colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are 1 a, and
represent both statistical errors and systematic uncertainties.
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Figure B.19. The azimuthally averaged radial distribution of R surface brightness
(bottom panel) and B - R colors (top panel) of UGC2241. Also shown are the
best fits to the bulge using an r^^'^ law and the disk assuming an exponential profile
(both dashed lines). Not all galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a solid line. The radial
surface brightness (bottom panel) is given in mag arcsec"^, while the B — R colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are 1 cr, and
represent both statistical errors and systematic uncertainties.
234
Figure B.20. The azimuthally averaged radial distribution of R surface brightness
(bottom panel) and B - R colors (top panel) of UGC 2302. Also shown are the
best fits to the bulge using an r^/'^ law and the disk assuming an exponential profile
(both dashed lines). Not all galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a solid line. The radial
surface brightness (bottom panel) is given in magarcsec"^, while the B - R colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are 1 (T, and
represent both statistical errors and systematic uncertainties.
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Figure B.21. The azimuthally averaged radial distribution of R surface brightness
(bottom panel) a.nd B - R colors (top panel) of UGC 2664. Also shown are the
best fits to the bulge using an r^/'* law and the disk assuming an exponential profile
(both dashed lines). Not all galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a solid line. The radial
surface brightness (bottom panel) is given in mag arcsec"^, while the B — R colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are 1 a, and
represent both statistical errors and systematic uncertainties.
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Figure B.22. The azimuthally averaged radial distribution of R surface brightness
(bottom panel) and 5 - i? colors (top panel) of UGC2921. Also shown are the
best fits to the bulge using an r^/'^ law and the disk assuming an exponential profile
(both dashed lines). Not all galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a solid line. The radial
surface brightness (bottom panel) is given in magarcsec"^, while the B — R colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are 1 cr, and
represent both statistical errors and systematic uncertainties.
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Figure B.23. The azimuthally averaged radial distribution of R surface brightness
(bottom panel) ^nd B - R colors (top panel) of UGC 2965. Also shown are the
best fits to the bulge using an r^/'* law and the disk assuming an exponential profile
(both dashed lines). Not all galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a solid line. The radial
surface brightness (bottom panel) is given in magarcsec"^ while the B - R colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are 1 a, and
represent both statistical errors and systematic uncertainties.
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Figure B.24. The azimuthally averaged radial distribution of R surface brightness
(bottom panel) &nd B - R colors (top panel) of UGC 2975. Also shown are the
best fits to the bulge using an r^/^ law and the disk assuming an exponential profile
(both dashed lines). Not all galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a solid line. The radial
surface brightness (bottom panel) is given in magarcsec"^, while the B ~ R colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are 1 a, and
represent both statistical errors and systematic uncertainties.
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Figure B.25. The azimuthally averaged radial distribution of R surface brightness
(bottom panel) and 5 - 7? colors (top panel) of UGC 3059. Also shown are the
best fits to the bulge using an r^/'* law and the disk assuming an exponential profile
(both dashed lines). Not all galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a solid line. The radial
surface brightness (bottom panel) is given in magarcsec"^, while the B — R colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are I a, and
represent both statistical errors and systematic uncertainties.
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Figure B.26. The azimuthally averaged radial distribution of R surface brightness
(bottom panel) and B - R colors (top panel) of UGC 3088. Also shown are the
best fits to the bulge using an r^/'* law and the disk assuming an exponential profile
(both dashed lines). Not all galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a solid line. The radial
surface brightness (bottom panel) is given in magarcsec"^, while the B - R colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are 1 cr, and
represent both statistical errors and systematic uncertainties.
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Figure B.27. The azirnuthally averaged radial distribution of R surface brightness
(bottom panel) and B - R colors (top panel) of UGC3140. Also shown are the
best fits to the bulge using an r^/'^ law and the disk assuming an exponential profile
(both dashed lines). Not all galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a solid line. The radial
surftice brightness (bottom panel) is given in magarcsec"^ while the B - R colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are 1 cr, and
represent both statistical errors and systematic uncertainties.
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Figure B.28. The azimuthally averaged radial distribution of R surface brightness
(bottom panel) and B - R colors (top panel) of UGC 3770. Also shown are the
best fits to the bulge using an r^^'^ law and the disk assuming an exponential profile
(both dashed lines). Not all galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a solid line. The radial
surface brightness (bottom panel) is given in mag arcsec"^, while the B — R colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are 1 cr, and
represent both statistical errors and systematic uncertainties.
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Figure B.29. The azimuthally averaged radial distribution of R surface brightness
(bottom panel) and 5 - colors (top panel) of UGC 3984. Also shown are the
best fits to the bulge using an r^/"* law and the disk assuming an exponential profile
(both dashed lines). Not all galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a solid line. The radial
surface brightness (bottom panel) is given in mag arcsec"^, while the B - R colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are 1 a, and
represent both statistical errors and systematic uncertainties.
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Figure B.30. The azimuthally averaged radial distribution of R surface brightness
(bottom panel) and B - R colors (top panel) of UGC 4002. Also shown are the
best fits to the bulge using an r^/'* law and the disk assuming an exponential profile
(both dashed lines). Not all galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a solid line. The radial
surface brightness (bottom panel) is given in mag arcsec"^, while the B — R colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are I a, and
represent both statistical errors and systematic uncertainties.
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Figure B.31. The azimuthally averaged radial distribution of R surface brightness
(bottom panel) and B - R colors (top panel) of UGC 4058. Also shown are the
best fits to the bulge using an r^^'^ law and the disk assuming an exponential profile
(both dashed hues). Not all galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a solid line. The radial
surface brightness (bottom panel) is given in mag arcsec"^, while the B — R colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are 1 a, and
represent both statistical errors and systematic uncertainties.
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Figure B.32. The azimuthally averaged radial distribution of R surface brightness
(bottom panel) and 5 - /? colors (top panel) of UGC4128. Also shown are the
best fits to the bulge using an r^/'^ law and the disk assuming an exponential profile
(both dashed lines). Not all galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a sohd line. The radial
surface brightness (bottom panel) is given in magarcsec"^ while the B - R colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are la, and
represent both statistical errors and systematic uncertainties.
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Figure B.33. The azimuthally averaged radial distribution of R surface brightness
(bottom panel) &nd B - R colors (top panel) of UGC4219. Also shown are the
best fits to the bulge using an r^/'* law and the disk assuming an exponential profile
(both dashed lines). Not all galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a solid line. The radial
surface brightness (bottom panel) is given in mag arcsec"^, while the B - R colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are la, and
represent both statistical errors and systematic uncertainties.
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Figure B.34. The azimuthally averaged radial distribution of R surface brightness
(bottom panel) and B - R colors (top panel) of UGC 4226. Also shown are the
best fits to the bulge using an r^l'^ law and the disk assuming an exponential profile
(both dashed lines). Not all galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a solid line. The radial
surface brightness (bottom panel) is given in mag arcsec"^, while the B — R colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are 1 cr, and
represent both statistical errors and systematic uncertainties.
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Figure B.35. The azimuthally averaged radial distribution of R surface brightness
(bottom panel) and B - R colors (top panel) of UGC 4256. Also shown are the
best fits to the bulge using an r^l'^ law and the disk assuming an exponential profile
(both dashed lines). Not all galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a solid line. The radial
surface brightness (bottom panel) is given in magarcsec"^, while the B — R colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are 1 cr, and
represent both statistical errors and systematic uncertainties.
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Figure B.36. The azimuthally averaged radial distribution of R surface brightness
(bottom panel) emd B - R colors (top panel) of UGC4316. Also shown are the
best fits to the bulge using an r^/'' law and the disk assuming an exponential profile
(both dashed lines). Not all galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a solid line. The radial
surface brightness (bottom panel) is given in magarcsec"^ while the B - R colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are 1 u, and
represent both statistical errors and systematic uncertainties.
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Figure B.37. The azimuthally averaged radial distribution of R surface brightness
(bottom panel) and 5 - colors (top panel) of UGC4344. Also shown are the
best fits to the bulge using an r^/'* law and the disk assuming an exponential profile
(both dashed lines). Not all galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a solid line. The radial
surface brightness (bottom panel) is given in magarcsec"^ while the B - R colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are 1 cr, and
represent both statistical errors and systematic uncertainties.
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Figure B.38. The azimuthally averaged radial distribution of R surface brightness
(bottom panel) and B - R colors (top panel) of UGC 4422. Also shown are the
best fits to the bulge using an r^/'* law and the disk assuming an exponential profile
(both dashed lines). Not all galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a soHd line. The radial
surface brightness (bottom panel) is given in mag arcsec"^, while the B ~ R colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are 1 cr, and
represent both statistical errors and systematic uncertainties.
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Figure B.39. The azimuthally averaged radial distribution of R surface brightness
(bottom panel) and B - R colors (top panel) of UGC 4570. Also shown are the
best fits to the bulge using an r^/"* law and the disk assuming an exponential profile
(both dashed lines). Not all galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a solid line. The radial
surface brightness (bottom panel) is given in mag arcsec"^, while the B — R colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are 1 cr, and
represent both statistical errors and systematic uncertainties.
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Figure B.40. The azimuthally averaged radial distribution of R surface brightness
(bottom panel) and B - R colors (top panel) of UGC 4713. Also shown are the
best fits to the bulge using an r^/'* law and the disk assuming an exponential profile
(both dashed lines). Not all galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a solid line. The radial
surface brightness (bottom panel) is given in mag arcsec"^, while the B - R colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are 1 cr, and
represent both statistical errors and systematic uncertainties.
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Figure B.41. The azimuthally averaged radial distribution of R surface brightness
(bottom panel) a.nd B - R colors (top panel) of UGC4743. Also shown are the
best fits to the bulge using an r^/'^ law and the disk assuming an exponential profile
(both dashed lines). Not all galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a solid line. The radial
surface brightness (bottom panel) is given in magarcsec"^, while the B - R colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are 1 cr, and
represent both statistical errors and systematic uncertainties.
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Figure B.42. The azimuthally averaged radial distribution of R surface brightness
(bottom panel) and B - R colors (top panel) of UGC4888. Also shown are the
best fits to the bulge using an 7-^/'* law and the disk assuming an exponential profile
(both dashed lines). Not all galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a solid line. The radial
surface brightness (bottom panel) is given in mag arcsec"^, while the B - R. colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars arc 1 rr, and
represent both statistical errors and systematic uncertainties.
257
Figure B.43. The azimuthally averaged radial distribution of R surface brightness
(bottom panel) and B - R colors (top panel) of UGC 4936. Also shown are the
best fits to the bulge using an r^/^ law and the disk assuming an exponential profile
(both dashed lines). Not all galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a solid fine. The radial
surface brightness (bottom panel) is given in magarcsec"^, while the B — R colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are 1 a, and
represent both statistical errors and systematic uncertainties.
258
I
o
w
o
u
a
ClO
<a
3.
M^''i|'iiMiiii|T
.6 —
A.
I
I I I I
I
I I I I |j:
UGC 5005
23
24
25
26
27
u I I I I
I I I I I
I I I
1
1^1
1
-
10 20 30 40 50 60
r (arcsec)
Figure B.44. The azimuthally averaged radial distribution of R surface brightness
(bottom panel) a.nd B - R colors (top panel) of UGC 5005. Also shown are the
best fits to the bulge using an r^/"^ law and the disk assuming an exponential profile
(both dashed lines). Not all galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a sohd line. The radial
surface brightness (bottom panel) is given in magarcsec"^ while the B - R colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are 1 a, and
represent both statistical errors and systematic uncertainties.
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Figure B.45. The azimuthally averaged radial distribution of R surface brightness
(bottom panel) and B - R colors (top panel) of UGC 5284. Also shown are the
best fits to the bulge using an r^/"^ law and the disk assuming an exponential profile
(both dashed lines). Not all galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a solid line. The radial
surface brightness (bottom panel) is given in magarcsec"^, while the B — R colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are 1 a, and
represent both statistical errors and systematic uncertainties.
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Figure B.46. The azimuthally averaged radial distribution of R surface brightness
(bottom panel) and B — R colors (top panel) of UGC5366. Also shown are the
best fits to the bulge using an r^/'* law and the disk assuming an exponential profile
(both dashed lines). Not all galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a solid line. The radial
surface brightness (bottom panel) is given in mag arcsec"^, while the B — R colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are 1 a, and
represent both statistical errors and systematic uncertainties.
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Figure B.47. The azimuthally averaged radial distribution of R surface brightness
(bottom panel) and B - R colors (top panel) of UGC 5437. Also shown are the
best fits to the bulge using an r^/"* law and the disk assuming an exponential profile
(both dashed lines). Not all galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a solid line. The radial
surface brightness (bottom panel) is given in mag arcsec"'^, while the B — R colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are 1 cr, and
represent both statistical errors and systematic uncertainties.
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Figure B.48. The azimuthally averaged radial distribution of R surface brightness
(bottom panel) and B - R colors (top panel) of UGC 5532. Also shown are the
best fits to the bulge using an r^/'* law and the disk assuming an exponential profile
(both dashed hnes). Not all galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a solid line. The radial
surface brightness (bottom panel) is given in magarcsec"^, while the B — R colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are 1 cr, and
represent both statistical errors and systematic uncertainties.
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Figure B.49. The azimuthally averaged radial distribution of R surface brightness
(bottom panel) and B - R colors (top panel) of UGC 5604. Also shown are the
best fits to the bulge using an r^/'* law and the disk assuming an exponential profile
(both dashed lines). Not all galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a solid line. The radial
surface brightness (bottom panel) is given in mag arcsec"^, while the B — R colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are 1 cr, and
represent both statistical errors and systematic uncertainties.
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Figure B.50. The azimuthally averaged radial distribution of R surface brightness
(bottom panel) and B — R colors (top panel) of UGC 5750. Also shown are the
best fits to the bulge using an r^^'^ law and the disk assuming an exponential profile
(both dashed lines). Not all galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a solid line. The radial
surface brightness (bottom panel) is given in mag arcsec"^, while the B — R colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are 1 cj, and
represent both statistical errors and systematic uncertainties.
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Figure B.51. The azimuthally averaged radial distribution of R surface brightness
(bottom panel) and B — R colors (top panel) of UGC 5880. Also shown are the
best fits to the bulge using an r^/"* law and the disk assuming an exponential profile
(both dashed lines). Not all galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a solid line. The radial
surface brightness (bottom panel) is given in mag arcsec"'^, while the B — R colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are 1 cr, and
represent both statistical errors and systematic uncertainties.
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Figure B.52. The azimuthally averaged radial distribution of R surface brightness
(bottom panel) and B - R colors (top panel) of UGC5981. Also shown are the
best fits to the bulge using an r^^^ law and the disk assuming an exponential profile
(both dashed lines). Not all galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a solid line. The radial
surface brightness (bottom panel) is given in mag arcsec"^, while the B — R. colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are I cr, and
represent both statistical errors and systematic uncertainties.
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Figure B.53. The azimuthally averaged radial distribution of R surface brightness
(bottom panel) and B — R colors (top panel) of UGC 6105. Also shown are the
best fits to the bulge using an r^/^ law and the disk assuming an exponential profile
(both dashed lines). Not all galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a solid line. The radial
surface brightness (bottom panel) is given in mag arcsec"^, while the B — R colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are 1 cr, and
represent both statistical errors and systematic uncertainties.
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Figure B.54. The azimuthally averaged radial distribution of R surface brightness
(bottom panel) and B — R colors (top panel) of UGC 6287. Also shown are the
best fits to the bulge using an r^^'^ law and the disk assuming an exponential profile
(both dashed lines). Not all galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a solid line. The radial
surface brightness (bottom panel) is given in mag arcsec"^, while the B — R colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are la, and
represent both statistical errors and systematic uncertainties.
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Figure B.55. The azimuthally averaged radial distribution of R surface brightness
(bottom panel) and 5 - i? colors (top panel) of UGC6614. Also shown are the
best fits to the bulge using an r^/" law and the disk assuming an exponential profile
(both dashed lines). Not all galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a solid line. The radial
surface brightness (bottom panel) is given in magarcsec"^ while the B - R colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are 1 a, and
represent both statistical errors and systematic uncertainties.
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Figure B.56. The azimuthally averaged radial distribution of R surface brigiitness
(bottom panel) and B — R colors (top panel) of UGC 6783. Also shown are the
best fits to the bulge using an r^^^ law and the disk assuming an exponential profile
(both dashed lines). Not all galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a solid line. The radial
surface brightness (bottom panel) is given in magarcsec"-^, while the B — R colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are I cr, and
represent both statistical errors and systematic uncertainties.
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Figure B.57. The azimuthally averaged radial distribution of R surface brightness
(bottom panel) and B — R colors (top panel) of UGC 6997. Also shown are the
best fits to the bulge using an r^/'* law and the disk assuming an exponential profile
(both dashed lines). Not all galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a solid line. The radial
surface brightness (bottom panel) is given in magarcsec"^, while the B — R colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are 1 cr, and
represent both statistical errors and systematic uncertainties.
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Figure B.58. The azimuthally averaged radial distribution of R surface brightness
(bottom panel) and B — R colors (top panel) of UGC 7641. Also shown are the
best fits to the bulge using an r^/"* law and the disk assuming an exponential profile
(both dashed lines). Not all galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a solid line. The radial
surface brightness (bottom panel) is given in magarcsec"'^, while the B — R colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are 1 cr, and
represent both statistical errors and systematic uncertainties.
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Figure B.59. The azimuthally averaged radial distribution of R surface brightness
(bottom panel) and B — R colors (top panel) of UGC 8200. Also shown are the
best fits to the bulge using an r^/'* law and the disk assuming an exponential profile
(both dashed lines). Not all galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a solid line. The radial
surface brightness (bottom panel) is given in mag arcsec"^, while the B - R colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are 1 cr, and
represent both statistical errors and systematic uncertainties.
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Figure B.60. The azimuthally averaged radial distribution of R surface brightness
(bottom panel) and B — R colors (top panel) of UGC 8253. Also shown are the
best fits to the bulge using an r^/^ law and the disk assuming an exponential profile
(both dashed lines). Not all galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a solid line. The radial
surface brightness (bottom panel) is given in magarcsec"^, while the B - R colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are 1 a, and
represent both statistical errors and systematic uncertainties.
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Figure B.61. The azimuthally averaged radial distribution of R surface brightness
(bottom panel) and B — R colors (top panel) of UGC 9614. Also shown are the
best fits to the bulge using an r^/'* law and the disk assuming an exponential profile
(both dashed lines). Not all galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a solid line. The radial
surface brightness (bottom panel) is given in magarcsec"'^, while the B — R colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are la, and
represent both statistical errors and systematic uncertainties.
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Figure B.62. The azimuthally averaged radial distribution of R surface brightness
(bottom panel) and B — R colors (top panel) of UGC9672. Also shown are the
best fits to the bulge using an r^/^ law and the disk assuming an exponential profile
(both dashed lines). Not all galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a solid line. The radial
surface brightness (bottom panel) is given in mag arcsec"^, while the B - R colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are 1 a, and
represent both statistical errors and systematic uncertainties.
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Figure B.63. The azimuthally averaged radial distribution of R surface brightness
(bottom panel) and B — R colors (top panel) of UGC 9680. Also shown are the
best fits to the bulge using an r^^'* law and the disk assuming an exponential profile
(both dashed lines). Not all galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a solid line. The radial
surface brightness (bottom panel) is given in magarcsec"^, while the B - R colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are 1 a, and
represent both statistical errors and systematic uncertainties.
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Figure B.64. The azimuthally averaged radial distribution of R surface brightness
(bottom panel) and B — R colors (top panel) of UGC 10017. Also shown are the
best fits to the bulge using an r^/'* law and the disk assuming an exponential profile
(both dashed lines). Not all galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a solid line. The radial
surface brightness (bottom panel) is given in mag arcsec"^, while the B — R colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are 1 cr, and
represent both statistical errors and systematic uncertainties.
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Figure B.65. The azimuthally averaged radial distribution of R surface brightness
(bottom panel) and B — R colors (top panel) of UGC 10313. Also shown are the
best fits to the bulge using an r^^'^ law and the disk assuming an exponential profile
(both dashed lines). Not all galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a solid line. The radial
surface brightness (bottom panel) is given in mag arcsec"^, while the B — R colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are 1 cr, and
represent both statistical errors and systematic uncertainties.
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Figure B.66. The azimuthally averaged radial distribution of R surface brightness
(bottom panel) and B - R colors (top panel) of UGC 10795. Also shown are the
best fits to the bulge using an r^/"* law and the disk assuming an exponential profile
(both dashed lines). Not all galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a solid line. The radial
surface brightness (bottom panel) is given in mag arcsec"^, while the B - R colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are 1 cr, and
represent both statistical errors and systematic uncertainties.
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Figure B.67. The azimuthally averaged radial distribution of R surface brightness
(bottom panel) smd B - R colors (top panel) of UGC 10908. Also shown are the
best fits to the bulge using an r^/^ law and the disk assuming an exponential profile
(both dashed lines). Not all galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a solid line. The radial
surface brightness (bottom panel) is given in magarcsec'^, while the B - R colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are la,
and
represent both statistical errors and systematic uncertainties.
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Figure B.68. The azimuthally averaged radial distribution of R surface brightness
(bottom panel) and 5 - colors (top panel) of UGC 10915. Also shown are the
best fits to the bulge using an r^/'* law and the disk assuming an exponential profile
(both dashed lines). Not all galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a solid line. The radial
surface brightness (bottom panel) is given in magarcsec^^, while the B - R colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are 1 cr, and
represent both statistical errors and systematic uncertainties.
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Figure B.69. The azimuthally averaged radial distribution of R surface brightness
(bottom panel) and B - R colors (top panel) of UGC 11977. Also shown are the
best fits to the bulge using an r^/"* law and the disk assuming an exponential profile
(both dashed lines). Not all galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a solid line. The radial
surface brightness (bottom panel) is given in magarcsec"^ while the 5 - /? colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are 1 cr, and
represent both statistical errors and systematic uncertainties.
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Figure B.70. The azimuthally averaged radial distribution of R surface brightness
(bottom panel) and B — R colors (top panel) of UGC 11979. Also shown are the
best fits to the bulge using an r^^"^ law and the disk assuming an exponential profile
(both dashed lines). Not all galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a solid line. The radial
surface brightness (bottom panel) is given in magarcsec"^, while i\ie B - R colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are 1 a, and
represent both statistical errors and systematic uncertainties.
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Figure B.71. The azimuthally averaged radial distribution of R surface brightness
(bottom panel) and B — R colors (top panel) of UGC 12343. Also shown are the
best fits to the bulge using an r^^'^ law and the disk assuming an exponential profile
(both dashed lines). Not all galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a solid line. The radial
surface brightness (bottom panel) is given in mag arcsec"'^, while the B — R colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are la, and
represent both statistical errors and systematic uncertainties.
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Figure B.72. The azimuthally averaged radial distribution of R surface brightness
(bottom panel) and B — R colors (top panel) of UGC 12388. Also shown are the
best fits to the bulge using an r^l'^ law and the disk assuming an exponential profile
(both dashed lines). Not all galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a solid line. The radial
surface brightness (bottom panel) is given in mag arcsec"'^, while the B — R color.s
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are 1 cr, and
represent both statistical errors and systematic uncertainties.
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Figure B.73. The azimuthally averaged radial distribution of R surface brightness
(bottom panel) and B — R colors (top panel) of UGC 12511. Also shown are the
best fits to the bulge using an r^l'^ law and the disk assuming an exponential profile
(both dashed fines). Not afi galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a solid line. The radial
surface brightness (bottom panel) is given in mag arcsec"^, while the B — R colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are 1 ct, and
represent both statistical errors and systematic uncertainties.
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Figure B.74. The azimuthally averaged radial distribution of R surface brightness
(bottom panel) and B — R colors (top panel) of UGC 12643. Also shown are the
best fits to the bulge using an r^/'* law and the disk assuming an exponential profile
(both dashed lines). Not all galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a solid line. The radial
surface brightness (bottom panel) is given in mag arcsec"^, while the B ~ R colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars are 1 a, and
represent both statistical errors and systematic uncertainties.
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Figure B.75. The azimuthally averaged radial distribution of R surface brightness
(bottonn panel) and B — R colors (top panel) of UGC 12881. Also shown are the
best fits to the bulge using an r^/'* law and the disk assuming an exponential profile
(both dashed lines). Not all galaxies could be fit by bulged components. When
both components were fit, the sum of the two is indicated by a solid line. The radial
surface brightness (bottom panel) is given in magarcsec"^, while the B — R colors
(top panel) are in magnitudes. The radius is in arcseconds. Error bars arc 1 cr, and
represent both statistical errors and systematic uncertainties.
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